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SUMMARY 
A photographic study w a s  made of over 5000 bubbles i n  the  nucleate boi l ing 
of methanol and water on a narrow heating s t r i p  a t  various heat  fluxes and 
degrees of subcooling. The r e s u l t s  showed t h a t  t r ans i t i on  from the discrete-  
bubble regime t o  the multibubble regime w a s  gradual. The f rac t ion  of heating 
area covered by multibubbles increases with increasing heat  f l u x  and i s  predic- 
table .  The area f rac t ion  i s  a Poisson function of the  product of the mean area 
of influence of s ingle  bubbles and the  instantaneous population density.  
INTRODUCTION 
Because nucleate boi l ing i s  recognized a s  a very e f f ec t ive  means of heat 
t ransfer ,  a tremendous amount of e f f o r t  has been directed toward the under- 
standing of t h i s  in te res t ing  phenomenon. Among such e f fo r t s ,  a good pa r t  has 
been devoted t o  the study of  bubbles. To f a c i l i t a t e  observation, s tudies  usu- 
a l l y  were made on d iscre te  bubbles. Thus, the formulation of theories  on nu- 
c l ea t e  boi l ing was on the  basis  of the  information derived from discre te  
bubbles ( r e f s .  1 t o  3). 
regime of nucleate boiling. Recently, however, it has been becoming more and 
more c l ea r  t h a t  there  ac tua l ly  ex i s t  several  subdivisions i n  nuclear boil ing,  
namely, a d i scre te  bubble regime, a merging bubble regime, and perhaps a vapor- 
patch regime ( r e f s .  4 t o  7 ) .  It i s  evident t h a t  theories  should be developed 
t o  deal  with each region individually,  as wel l  as t o  predict  the t r ans i t i on  
from one region t o  another. 
These theories  were generally applied t o  the e n t i r e  
It i s  the  purpose of  this report  t o  study the t r ans i t i on  of the discrete-  
bubble regime t o  the merging-bubble regime. In  reference 8, an abrupt transi- 
t i o n  point w a s  proposed, w h i l e  i n  r e a l i t y  the  t r ans i t i on  i s  gradual and con- 
tinuous. This report  w i l l  show how the area covered by merging bubbles gradu- 
a l l y  increases with increasing heat  f l u x  and that the area f rac t ions  f o r  
merging bubbles can be r e l a t e d  with other parameters such as bubble s i z e  and 
instantaneous bubble population. The hope i s  that, if  the area f rac t ions  
covered by the merging bubbles and the d iscre te  bubbles a t  a given condition 
a r e  known, the  ove ra l l  heat-transfer coef f ic ien t  can be synthesized by weigh- 
ing the contributions due t o  the  two bubbling mechanisms according t o  their 
i-espective area fract ions.  
The experimental phase of this work consisted of a photographic study of 
nucleate boi l ing of methanol and water on a 1/16- by 3/4-inch heating s t r i p  
under 1 atmosphere pressure. 
a Poisson d is t r ibu t ion  of bubbles. 























empirical area parameter used i n  equation (1) 
empirical parameters used f o r  bubble growth r a t e  
bubble diameter 
bubble generating frequency 
bubble f r ac t ion  
gravi ta t iona l  acceleration 
t o t a l  number of a l l  s ingle  bubbles s tudied i n  one roll of f i lm 
thermal conductivity 
number of  sample frames 
length of heating s t r i p  
average number of s i t e s  per c e l l  
s i t e  population 
instantaneous bubble population 
probabi l i ty  according t o  Poisson function 
heat f l u x  
bubble radius  
bubble growth rate, dR/dt 
standard deviation associated w i t h  average area f rac t ion  of merging 
R = a tb  
bubbles 
subcooling temperature difference between saturat ion and bulk tempera- 
tures 
2 
temperature difference between surface and bulk 
time 
bubble growth period 
waiting period 
half-width of heating s t r i p  
number of bubble s i t e s  per c e l l  
number of bubbles i n  a c e l l  
contact angle, radians 
surface tension 
thermal layer  thickness 
l a t e n t  heat of vaporization 
average number of bubbles per c e l l  
density 
theo re t i ca l  standard deviation 


















F r i t z  equation of bubble departure, equation ( 9 )  
l i q u i d  
merging bubbles o r  multibubbles 
s ing le  bubble 
3 
sub subcooling 





As  mentioned i n  -the INTRODUCTION, bubble interference has been reported 
previously. 
More recent experimental f indings have been reported since then. 
the bubble interference can be c l a s s i f i ed  as one of t w o  types, v e r t i c a l  in te r -  
ference and l a t e r a l  interference.  The v e r t i c a l  interference occurs between 
consecutive bubbles emitted from the same nucleation s i t e  i n  rapid succession. 
This type of bubble interference i s  ca l led  chain-bubble interference i n  re fer -  
ence 9 .  It i s  a l s o  reported i n  references 6, 8, 10, and Ill. This type of 
bubble coalescence was the model u t i l i z e d  in  reference 8 t o  derive the c r i t e -  
r i o n  f o r  the t r ans i t i on  from the discrete-bubble regime t o  the merging-bubble 
regime. 
( r e f .  E). The l a t e r a l  type of bubble coalescence (or mushroom bubbles accord- 
ing t o  re f .  4)  i s  the interference between the  neighboring bubbles due t o  close 
proximity. As  observed i n  references 3, 4, and 13, a growing bubble, while 
s t i l l  attached t o  the heating surface, merges with a neighboring bubble. 
merging can be caused e i the r  by contact of two growing bubbles or by the  
up d r a f t  of a departing bubble. The area of influence of each bubble i s  
roughly 2 bubble r a d i i  away from the  nucleation center (refs. 3 t o  5). 
either case, t h e  lateral-merging bubbles can be pictured as mushrooms with two 
o r  more stems. 
type of  coalescence has been included i n  the  boi l ing models postulated i n  
references 3 t o  5. 
mushroom bubbles a re  far more frequently observed than chain bubbles. There- 
fore,  the mushroom bubbles w i l l  be the ones discussed i n  t h i s  report .  
The e a r l i e s t  mention of it w a s  probably t h a t  found i n  reference 9 .  
In general, 




As  w i l l  be shown i n  the sect ion RESULTS AND DISCUSSION, 
These stems a r e  the places where vaporization occurs. 
Since the la teral  coalescence i s  due t o  the interference of neighbors, 
the  d is t r ibu t ion  of bubbles should be known. 
w a s  found from the  d is t r ibu t ion  of the  s i t e s  on a boi l ing surface that the s i te  
population w a s  d i s t r ibu ted  according t o  Poisson's equation 
In the work of reference 14, it 
where X = Na/A, but no attempt w a s  made t o  predict  the popula- 
t i on  d is t r ibu t ion  a p r io r i ;  instead, the c e l l  area a w a s  used s t r i c t l y  as  an 
empirical parameter t o  f i t  the  data with Poisson curves. 
M = za/A and 
4 
The tes t  w a s  car r ied  on inside a 6-inch-diameter by 4-inch-high cyl indri-  
c a l  tank made of s t a in l e s s  s t e e l  and provided with viewing windows. 
had provisions f o r  a f i l l ,  a drain, a pressure gage, e l e c t r i c a l  connections, 
thermocouple leads, and auxi l ia ry  heaters.  The heater was  a thin, e l e c t r i c a l l y  
conductive, transparent coating 1/16-inch wide, and 1-inch long deposited on a 
1- by 1- by 1/8-inch heat-resis t ing glass  plate .  
zontal ly  on a small bench with a mirror s i tua ted  beneath the  p l a t e  and incl ined 
45O. 
view and a bottom view (through the mirror) of the  image of any bubble gener- 
a t ed  on the heating surface. 
which a l s o  served as e l e c t r i c a l  leads. 
3/4 inch, s ince the two end areas w e r e  covered by the copper clamps ( f i g .  1). 
The tank 
The p l a t e  w a s  mounted hori-  
Thus, the  camera aiming from a f r o n t  window saw simultaneously a f ront  
The p la t e  w a s  clamped down w i t h  two copper clamps, 
The ac tua l  heating area w a s  1/16 by 
r Copper Copper 
,I’ clam0 clamp -. Bubble 
Bakelite 
Top View Side view (bench not shown) Front view 
Figure 1. - Setup of heating element. 
The 1/16-inch-wide s t r i p  was used instead of a wider heating area t o  ensure 
that no more than two rows of bubbles were generated. This arrangem6nt w a s  
necessary t o  avoid confusion i n  the  front view due t o  the presence of over- 
lapping rows of bubbles. 
but because of the  low heat capacity of the heating f i l m ,  there  were 1 2 0  cps 
temperature f luctuat ions on the  heating surface. 
bubble frequencies were low, this 1 2 0  cps f luctuat ion apparently did not have 
a serious e f fec t .  As  the  heat f l u x  w a s  increased and bubble frequency f e l l  in 
the v i c i n i t y  of 120  cps, however, the alternating-current f luctuat ion began t o  
d i c t a t e  the bubble frequency, and the  bubbles began t o  grow i n  unison. 
only those runs where there  was no apparent synchronization between bubbles and 
current  waves were retained. Later, a direct-current source w a s  used. Because 
of the  high voltage applied t o  the electrodes (60 t o  1 2 0  v ) ,  e lec t ro lys i s  
would take place i f  water were used. 
current runs. A t  the beginning of a se r i e s  of runs, the  tank w a s  loaded with a 
f resh  batch of pure methanol o r  d i s t i l l e d  water. The l i qu id  w a s  preheated t o  
a desired temperature by the  auxi l ia ry  heater .  The bulk temperature w a s  con- 
s t a n t l y  monitored through thermocouple readings, and the  temperature l e v e l  w a s  
control led by turning the auxi l ia ry  heaters on and off .  The auxi l ia ry  heaters 
were always off while ac tua l  t e s t  runs were being car r ied  out.  The tes t  heater 
would be turned on and set  a t  a desired heat f l u x  by varying the applied vol t -  
age, and then high-speed motion pictures  (up t o  5000 frames/sec) were taken. 
Originally, an alternating-current source was used, 
A t  lower heat  f lux,  when 
Thus, 
Thus, only methanolwas used for di rec t -  
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The simultaneous viewing of bubble a c t i v i t i e s  from f ron t  and bottom (mirror 
image) was deemed necessary t o  ge t  the  true p ic ture  of bubble interact ion.  
Because of the  difference i n  op t i ca l  distance of the two views, however, it w a s  
extremely d i f f i c u l t  t o  keep both views i n  sharp focus. Thus, the op t i ca l  qual- 
i t ies  of pictures  were somewhat sacr i f iced.  Because of such d i f f i c u l t i e s ,  
s tudies  were l imited t o  those runs with a moderate amount of merging t o  main- 
t a i n  the  accuracy of reading. 
a motion-picture analyzer. 
50 t o  100 frames were studied. 
stopping the  film 50 t o  100 times a t  i r regular  in te rva ls .  
The high-speed motion pictures  were analyzed on 
For each roll, 
The sample frames were selected by a r b i t r a r i l y  
A t o t a l  of 1 4  rolls were examined. 
For each frame, information about each bubble present on the e n t i r e  3/4- 
by 1/16-inch heating surface w a s  recorded. The raw data include 
(1) The location and s i ze  of each bubble. The s i ze  or diameter of a 
bubble i s  defined a s  the  width of a bubble a t  i t s  widest part. In  a f e w  in- 
stances, a mushroom bubble could be a very wide hovering bubble overcasting 
a la rge  area. I n  such cases, t h e  bubble s i z e  i s  defined a s  the width of the  
bubble s t e m  below the  height of an average s ingle  bubble (see f i g .  2 ) .  
v I ~~~ -_I u u -  
Discrete Chain Mushroom bubbles Discrete 
bubble bubbles bubbles 
Merging bubbles 
Figure 2 - Various configurations of bubbles. 
( 2 )  The c l a s s i f i ca t ion  of bubbles, namely, whether the  bubble w a s  a s ingle  
bubble, or w a s  merging with other bubbles. The c r i t e r i o n  f o r  the merging 
bubbles was the physical contact of  two or more bubbles while a t  l e a s t  one 
bubble w a s  s t i l l  attached t o  the  heating surface.  
(3 )  The number of ac t ive  bubbles involved i n  a merging bubble. 
( 4 )  The t o t a l  number of ac t ive  bubbles n on tha t  frame. 
From the  aforementioned raw data, calculat ions were made, and the following 
information w a s  obtained: 
(1) The average s i ze  of a l l  the s ingle  bubbles recorded i n  the sample 
frames was determined. This average was expressed i n  terms of the area f rac-  
t i o n  of  influence of s ingle  bubbles, averaged as a function of the  t o t a l  area 
or 'ps. The area of influence of the bubble 'ps was computed by the equations 
6 
X D g  
'ps = j q -  f o r  D, < W 
and 
(5: Area covered by bubble with radius R, 
Area covered by influence of bubble 
(radius of twice the bubble radius; 
area fraction of bubble influence is 'ps) 
The shaded area i n  f igure 3 a re  
t h e  areas  of influence of s ing le  
bubbles. Note that equation 
(2b)  represents the area of a 
pa r t  of a c i r c l e  with two seg- 
ments cut  of f .  The mean area 
f rac t ion  averaged over a l l  the 
s ing le  bubbles i s  
where h i s  the  t o t a l  number of 
s ing le  bubbles studied i n  the 
roll. 
D S >  W 
2 W Df - W2 -+ D$ sin-' D 
( 2 )  The average s i ze  of the 
area covered by a merging bubble 
i n  a frame w a s  expressed as the  
area f r ac t ion  (Pa, and w a s  ca l -  
culated by summing a l l  the a rea  
f rac t ions  covered by each merg- 
ging bubble i n  the same frame. 
The area fract ion of each merging bubble w a s  a l s o  computed from equations (2a)  
and (2b), except that Dm/2 w a s  used instead of Ds. The average area f rac-  
t i o n  of merging bubbles w a s  computed over a l l  the frames, or 
L i
2WL ' p s  = 
Figure 3. - Calculation of area fraction of heating strip covered by influence 
of bubble. 
where k is  the  number of sample frames and 'pm i is the  sum of a U  the area 
fract ions of merging bubbles i n  the  frame 
f i lm w a s  the  standard deviation s associated with the  (Pm,av 
i. Aiao computed f o r  each roll of 
7 
I 
( 3 )  The average instantaneous bubble population density nav w a s  taken 
for  the t o t a l  number of sample frames k. 
The t o t a l  number of ac t ive  sites N 
studied. 
had ever been generated were marked down. 
a r e  given i n  t ab le  I. 
seen i n  a given roll of f i l m  w a s  a l so  
The range of conditions and the  data 
The movie w a s  projected on a paper and a l l  the s i t e s  where bubbles 
RESULTS AND DISCUSSION 
General Description of Photographic Observation 
Before the quant i ta t ive study of bubble interferences i s  discussed, the 
following qua l i ta t ive  descriptions should be given: 
(1) The merging of bubbles was predominately due t o  l a t e r a l  coalescence. 
The merging took place when one growing bubble got i n to  the area of influence 
of a neighboring bubble. A detai led l i s t i n g  of  bubble c l a s s i f i ca t ion  and r a w  
data i s  contained i n  tab le  11. 
( 2 )  The number of  merging bubbles and the  area covered by these merging 
bubbles increased with increases i n  both bubble s i z e  and instantaneous bubble 
population. With pressure and degrees of subcooling held constant, both the 
bubble s i z e  and the  instantaneous bubble population increased with heat  flux. 
Thus, increasing the heat flux means increasing the  area of merging bubbles. 
(3 )  The locat ion of  merging bubbles appeared t o  be random. For a given 
location, a t  one moment there  could be no bubbles, one bubble, several  d i scre te  
bubbles, or merging bubbles; however, the probabi l i ty  of having merging bubbles 
increased with increasing heat  f l ux .  
Analysis 
Based on the  general  qua l i ta t ive  description of bubble interference ob- 
served photographically, a model w i l l  be postulated t o  account quant i ta t ively 
f o r  the area f rac t ion  covered by the merging bubbles. 
car r ied  out i n  two s teps:  The first s t ep  w i l l  be t o  seek the r e l a t ion  between 
the  area of a merging bubble and quant i t ies  such a s  the  mean area of influence 
of a bubble and the instantaneous bubble population, provided the l a t t e r  two 
a r e  given. 
instantaneous bubble population from the more basic information such as heat 
f lux,  subcooling, and t o t a l  bubble population (or s i t e  population). 
The analysis w i l l  be 




pose is  t o  estimate the  area of merging bubbles from the aforementioned basic 
information. 
Basic model. - The basic model f o r  bubble interference i s  described i n  the 
following manner : 
(1) Each bubble has an area of influence, which i s  the  area within 
1 bubble diameter of the  nucleation center .  This assumption is  based on the  
observations made i n  reference 3. 
( 2 )  Since each bubble grows, the area of influence is  based on the time- 
mean bubble s i ze .  This mean area of influence of a s ingle  bubble i s  considered 
a s  a c e l l .  The heating surface i s  divided i n t o  such c e l l s .  
(3)  Two bubbles w i l l  merge i f  one i s  located within the area of influence 
( 4 )  The bubbles a r e  assumed t o  have a Poisson d i s t r i b u t i 0 n . l  
of the other.  
This d i s t r i -  
bution is  assumed t o  apply not only t o  s i t e  population.as found i n  re fer -  
ence 14, but a l so  t o  the instantaneous bubble population. 
moment, only pa r t  of the  s i t e s  a re  ac t ive ly  occupied by bubbles, while the  r e s t  
a r e  i n  the  waiting period. 
Note tha t ,  a t  any 
Poisson d is t r ibu t ion .  - The following equation i s  used t o  express the pre- 
viously postulated model i n  mathematical form: 
where 
the c e l l  i s  defined a s  the  mean area of influence of a s ingle  bubble. The 
average number of bubbles per c e l l  i s  
P,(x) i s  the percentage of c e l l s  each of which has x bubbles i n  it and 
where As 
c e l l ,  n, 
area A t ,  and (ps i s  the  area f rac t ion  As/At.  Note t h a t  equations (1) 
and (3)  are similar i n  form except t h a t  the s i t e  population 
equation (l), while the  instantaneous bubble population 
is  the mean area of influence of a s ingle  bubble or the  area of a 
i s  the average instantaneous bubble population on a t o t a l  heating 
N i s  used i n  
n is  used i n  equa- 
%he assumption of Poisson d is t r ibu t ion  f o r  the s p a t i a l  d i s t r ibu t ion  of 
bubbles makes possible the  calculat ion of the area f rac t ion  f o r  merging 
bubbles. If one i s  in te res ted  i n  the  f rac t ion  of bubble.population t h a t  i s  
merging, however, an analysis  of t he  cluster ing of bubbles can be found i n  
appendix A. 
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t i o n  ( 3 )  and t h a t  i n  equation ( 3 )  the  c e l l  area i s  defined as the  area of in-  
fluence of a bubble. 
Since it is  assumed t h a t  bubbles w i l l  merge when two or more bubbles are 
present i n  one c e l l ,  t h e  percentage of c e l l s  t h a t  contain merging bubbles is 
o r  
+ navTs) pp(x > 2) = 1 - ~ ~ ( 0 )  - ~ ~ ( 1 )  = 1 - e -nav(Ps( 
Since Pp(x 1 2 )  i s  by def in i t ion  the  percentage of c e l l s  covered by two or 
more bubbles or merging bubbles, it is the area f r ac t ion  covered by merging 
bubbles 
cpm = pp(x > 2) = 1 - e -navrp~(  1 + n a S s  
This equation w i l l  give the area f rac t ion  of merging bubbles if the mean in- 
stantaneous bubble population nav 
bubble a r e  known. 
anaJytically.  
namely, determination of nav and As analy t ica l ly .  
and mean area of influence of a s ingle  
These two terms can e i the r  be obtained experimentally o r  
The next two sections cons t i tu te  the  second s t ep  of analysis,  
Mean area of influence of a s ingle  bubble. - According t o  the assumed 
basic model, the  mean area of influence i s  the area within 1 bubble diameter 
of the nucleation center,  and the bubble diameter i s  the time average of a 
growing bubble 
o r  
The term bubble radius R ( t )  can be obtained through bubble growth infor- 
mation. Although many theore t ica l  equations are avai lable ,  it is more con- 
venient t o  use the empirical expression b = 0.4 (ref.  15). 
Since the process of computing the time-average radius Rav involves inte-  
grat ion of R ( t ) ,  small deviations i n  R ( t )  usual ly  w i l l  be evened out.  Thus 
R = atb, where 
10 
A s  t o  the departure radius 
used 
Rd, Staniszewski's empirical expression w i l l  be 
Rd = R F ( ~  + 10.44 i d )  (8 1 
where Rd i s  i n  f e e t  per second, and Rd and RF are i n  fee t ;  RF is the  
departure radius according t o  F r i t z '  equation 
RF = 0.4215 p d& ( 9 )  
i n  which p i s  the contact angle i n  radians.  
Unfortunately the growth r a t e  a t  departure Rd 
can no longer be calculated from the  expression R = atb,  pa r t ly  because the 
exponent b ac tua l ly  var ies  with time and pa r t ly  because the  coef f ic ien t  a 
should be a function of  an experimental condition such a s  heat f lux,  sub- 
cooling, pressure, or cavi ty  s i ze .  Thus, an expression fo r  the growth r a t e  
as a function of the t e s t  condition should be used. 
involved i n  equation (8 )  
Although many bubble growth equations a re  available,  only a f e w  consider 
the e f f ec t  of the bulk turbulence by including terms that describe the thermal 
layer  or t he  heat diss ipat ion t o  the  bulk. 
proposed i n  references 3, 16, and 1 7 .  The equation i n  reference 16 would be 
qui te  convenient t o  use if  both ATw and qw w e r e  known. Unfortunately, the 
growth expressions i n  references 3 and 1 7  a re  ra ther  clumsy t o  use. If only 
the  bubble growth rate a t  departure i s  of i n t e re s t ,  however, the s i t ua t ion  is  
somewhat simpler because of t h e  f a c t  t ha t  i n  the  l a t e r  s tage of bubble growth 
the sensible heat  stored i n  the superheated layer  enveloping the bubble should 
have already been exhausted. Therefore, the bubble i s  losing heat t o  the sur- 
rounding bulk and receiving heat from the bubble base. (This heat may be i n  
the form of evaporation of microlayer, as shown i n  ref .  18.)  
r a t e  a t  departure can be eas i ly  derived, by following the procedure i n  refer- 
ence 3, as 
Among such equations are those 
The bubble growth 
where Ab/AB 2: 0.25 
sphere with a contact angle between 45' t o  60' (c f . ,  ref .  3) and 6 
thermal-layer thickness. The information about thermal layer thickness of a 
boi l ing f l u i d  is  very meager, but  there a r e  a f e w  measurements (refs. 6 
and 1 9 ) .  Therefore, i f  the thermal layer thickness 6 is  known, by using 
if the  bubble a t  departure can be assumed t o  be a truncated 
i s  the  
equations (8)  t o  (lo), the  bubble departure s i z e  can be determined. 
- 0.59 
fav -  
Dd, av 
Instantaneous bubble population. - The instantaneous bubble population 
should be d i f fe ren t ia ted  Prom the commonly used term "bubble population." 
l a t te r  i s  ac tua l ly  a misnomer. When the  bubble columns during the  boi l ing o r  
the number of aureoles l e f t  on a p la te  after boi l ing are counted, only the  
population of the  bubble nucleation sites i s  determined, not the bubble popula- 
t i o n  a t  any moment. The re la t ion  between s i t e  population N and the  in-  
stantaneous bubble population n can be l ikened t o  t h a t  between the  number of 
houses i n  a block and the  number of families a t  home a t  a given moment. It i s  
easy t o  see t h a t  these two populations can be related by the  equation 
The 
(Pz - P v ) m  
P l  
t g  , av 
tg,av + tw,av 
N = t g , a v f a P  nav = 
The var ia t ion  of N a s  function of q has been reported i n  many places, and, 
unfortunately, t h e  r e s u l t  var ies  widely. The d i f f i c u l t y  stems from the  diver- 
s i t y  of surface condition and hysteresis  (refs. 2, 6, and 2 0 ) .  
charac te r i s t ic  parameter other than root-mean-square roughness of a surface can 
be found t o  account f o r  cavi ty  s i ze  d is t r ibu t ion ,  it i s  f u t i l e  t o  t r y  t o  corre- 
l a t e  N against  q; however, the s i t e  population N i s  s t i l l  a quantity much 
eas ie r  t o  determine experimentally than the instantaneous bubble population n.  
Thus, it i s  s t i l l  worthwhile t o  obtain n through N. 
Unless some 
The mean frequency fav can eas i ly  be determined thrwgh the expression 
i n  reference 16  
which yields  
r 
L 
The time of growth period tg can readi ly  be calculated through 
provided G ( t )  and Rd a r e  known. A s  mentioned before, an empirical expres- 
s ion can be used, namely, 
(15) b Rd = a t  
12 
o r  
- bRd 
tg - 8, 
Thus from equations (8), (lo), and ( 1 7 )  the growth period 
l a t ed .  
only when the empirical form (eq.  ( 1 6 ) )  i s  ident ica l . to  the ana ly t ica l  form 
(eq. (10)) ;  however, an underestimated growth r a t e  R tends t o  give an over- 
estimated growth period tg and an underestimated departure diameter Dd. The 
r e s u l t  i s  that the  two er rors  tend t o  compensate each other i n  the product of 
mean bubble population and mean area of influence 
tg can be calcu- 
S t r i c t l y  speaking, equation (10) can be used t o  replace equation (16), 
Calculation of area f rac t ion  covered by influence of a s ingle  bubble 
(calculat ion of (ps av talc from Dav,calc). - The mean influence area frat- 
t i o n  covered by a s;ng;e bubble can be computed from the time-averaged diameter 
of a bubble Dav by using equations (Za) and (Zb), except t ha t  Dav w i l l  be 
used i n  the place of D .  The cps thus computed w i l l  be cps,av,calc. S t r i c t l y  
speaking, c p s , a v , c a l c  should be an average of Ys,calc which, i n  turn, should 
be computed from Since only an estimation was 
intended, cps,av,calc can be d i r ec t ly  computed from Dav,calc. 
- .. 
D ( t )  as shown i n  equation ( Z c ) .  
Comparison of Experimental D a t a  with Analysis 
The quant i ta t ive r e s u l t  w i l l  be compared with the model derived i n  the 
based on the Poisson d is t r ibu t ion  
section Analysis i n  two s teps  a l so .  
the  area f rac t ion  of merging bubbles 
(eq. ( 6 ) )  can be used t o  r e l a t e  
area of influence of a s ingle  bubble 
population nav,exp. 
and (11) can be used t o  predict  cps,exp and nav,exp, respectively,  and 
whether the  calculated product ('psnav lcalc 
bubble area f r ac t ion  cpmYexp. 
The f i r s t  s tep  w i l l  be t o  check whether 
with the experimental values of the mean 
cpm 
cps,exp and the mean instantaneous bubble 
The second s t e p  w i l l  be t o  t e s t  whether equations (8)  
can be used t o  predict  the merging 
Relation between area f rac t ion  of merging bubbles against  product of 
measured values o f  mean area of  influence of s ingle  bubble and mean instanta-  
neous bubble&population (n,fls)eiD. - To t e s t  equation ( 6 ) ,  qm,av,exp w a s  
13 
I 
Averaw i w i i  value for one roll of f lm- 
/ 
Calcuiated from eq. (6) 
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(a) Semilog plot. (b) Rectangular plot showing standard deviation. 
Figure 4. -Area fraction of merging bubbles as function of measured average number of bubbles per cell, 
plo t ted  against  (na+ps,av)exp ( f i g .  4 ( a ) ) .  
t i on  ( 6 ) .  
f i l m .  
standard deviations associated with each average area f r ac t ion  of merging 
bubbles f o r  the samples studied. 
t i o n  are compared with the theore t ica l ly  expected values i n  appendix B . )  
Judging from the  f igures ,  the model i s  fa i r ly  close.  Thus, if the mean bubble 
population nav and the  mean area of influence of s ing le  bubbles 'ps a r e  
given, the area covered by merging bubbles can be calculated.  
nav and Vs,av can e i the r  be obtained experimentally i n  the same way that 
f igure 4 w a s  constructed, or they can be estimated from tes t  conditions 
through bubble departure s i z e ,  bubble growth r a t e ,  and frequency by using the 
avai lable  equations. 
The so l id  curve represents equa- 
Each c i r c l e  represents the mean values obtained from one roll of 
Figure 4(b)  shows a similar p lo t  on rectangular coordinates t o  show the 
(The experimental values of standard devia- 
The values of 
Comparison of calculated and measured bubble departure diameters Dd,cal _ _  
and Dd,exp. - To estimate (Ps,av, it is  necessary t o  know the departure diame- 
t e r  Dd. Equations (8)  and ( 9 )  were used t o  compute Dd with departure growth 
14 
rate i d  computed from equation (10) .  The thermal layer  thickness 6 used 
i n  equation (10) was determined from the experimental measurement of r e f e r -  
ence 10 by matching the heat-transfer coef f ic ien t  f o r  the  case of water 
( 6  = f t ) .  For t he  case of methanol, the  thermal layer  thickness was 
assumed t o  be 2X10-3 feet .  The calculated values of Dd are then compared 
with the  experimental ones derived through equation (7a). 
shown i n  f igure  5. 
e r ro r  l i m i t ,  which i s  about the same as the 25  percent e r ror  l i m i t  of equa- 
t i o n  (8 ) .  
The comparison i s  
It can be seen that most points a r e  within a k20 percent 
Comparison of calculated and measured mean instantaneous bubble popula- 
t i o n  nav.calc and nav,exp. - To tes t  equation (ll), the  mean instantaneous 
bubble population nav w a s  calculated from the experimentally determined s i t e  
population N together with the calculated frequency fa, and growth period 
tg,av.  The bubble frequency fa, w a s  calculated from equation (13) by using 
the  calculated departure diameter Dd c-1. The groyth period tg,av w a s  ca l -  
culated from equation ( 1 7 )  by using 
The comparison with nav,exp i s  shown i n  f igure  6 .  The +60 percent e r ror  
l i m i t s  a r e  a l so  shown i n  the  f igure,  which a r e  the e r ror  limits associated with 
equation ( 12 ) . 
hd,calc and Rd,calc (from eq. (lo)). 
Comparison of measured merging bubble area f rac t ion  (Pa exp w i t h  t ha t  
obtained from the  calculated average instantaneous bubbles per c e l l  
(na+ps),,lc. - By using equations (2a) and (2b),  (ps,av 
Dav,calc. 
w a s  computed from 
~n f igure 7 ,  the  product (qs,avnav)calc w a s  p lo t ted  with the 
I I I I I  
o Average value for one 





























average area f rac t ion  of merging 
bubbles ( P ~ , ~ ~ .  Also shown i n  f i g -  
ure 7 i s  the theore t ica l  curve from 
equation ( 6 ) .  Although there  i s  
scat ter ing,  the  r e s u l t  i s  s t i l l  
Figure 5. - Comparison of calculated and measured bubble departure 
diameters. 
o Average value for 
one roll of film 
2 4 6  
50 Percent 2 M 
Calculated average instantaneou:. --&le 
Figure 6. - Comparison of calculated and experimental 
values of average instantaneous bubble population. 
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Figure 7. - Area fraction of merging bubbles as a function of calculated average 
number of bubbles per cell. 
qui te  gra t i fy ing  considering 
a l l  the crude assumptions be- 
ing made and the large e r ror  
l i m i t s  associated with the  
empiricism of equations (8)  
and ( 1 2 ) .  Thus, it i s  shown 
t h a t  an estimate of the area 
covered by merging bubbles 
can be based on the tes t  con- 
d i t ions  (heat  flux, pressure, 
subcooling, e t c  . ) provided 
t h a t  the  s i t e  population is 
known. 
CONCLUDING REMARKS 
In  the  nucleate-boiling 
regime, i f  both d iscre te  
bubbles and merging bubbles 
a r e  present, the overa l l  
heat- t ransfer  coef f ic ien t  
w i l l  have t o  be determined by 
considering the contribution 
due t o  both bubbling mecha- 
nisms. Even i f  the heat- 
t ransfer  process of each 
mechanism were known, a 
weighting fac tor  would be 
needed t o  determine the r e l a -  
t i v e  contribution of each 
mechanism. 
One possible weighting 
fac tor  would be the area 
fract ions of  merging bubbles and d iscre te  bubbles. 
tained from the boi l ing of  methanol and water on a narrow heating s t r i p ,  it i s  
found t h a t  the t r ans i t i on  from the discrete-bubble regime t o  the merging-bubble 
regime i s  gradual. Furthermore, the r e su l t s  showed tha t  the area f rac t ion  of 
merging bubbles can be predicted s a t i s f a c t o r i l y  from the Poisson d is t r ibu t ion  
if the average number of bubbles per c e l l  i s  known. 
the  average area of influence of a s ingle  bubble.) 
Based on the  r e s u l t  ob- 
(The c e l l  i s  defined as 
It is  desirable to be able  t o  determine the  average number of bubbles per 
c e l l  a p r i o r i .  
and empirical equations was proposed i n  t h i s  repor t .  The maximum er ror  associ-  
a ted  with the estimated values was roughly 100 percent; t h i s  percentage might 
be due to the large errors introduced in to  the basic empirical equations. If 
a be t t e r  method i s  avai lable  f o r  estimating the  bubble s i ze  and bubble popula- 
A method of estimating t h i s  item based on crude assumptions 
16 
t ion,  more accurate estimations of the number of bubbles per c e l l  and, thus, of 
the area f r ac t ion  of merging bubbles might be possible.  
Lewis Research Center 
National Aeronautics and Space Administration 
Cleveland, Ohio, September 14, 1964 
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APPENDIX A 
PRORABIL1TY FOR FORMATION OF BUBBLE CLUSTERS 
The analysis  i n  the t e x t  assumed the  Poisson d is t r ibu t ion  of bubbles over 
the c e l l s .  Such an assumption implies the divis ion of the  heating surface 
in to  c e l l s  and the existence of a r t i f i c i a l  boundaries between the c e l l s .  
when there are two bubbles f a l l i n g  in to  two neighboring c e l l s  but within each 
o ther ' s  area of influence, they a re  not considered t o  be merging. Such an 
assumption tends t o  underestimate the f r ac t ion  of merging bubbles. The under- 
estimation might have been somewhat compensated for ,  however, by a s l i gh t ly  
overestimated area of  influence. Besides, i f  there  are many empty c e l l s  
surrounding the  c e l l s  occupied by the bubbles, the c e l l  boundary can be 
sh i f t ed  t o  f i t  the  bubbles without causing much er ror .  
Thus, 
Nevertheless, a more rigorous treatment of bubble merging can be proposed 
by considering the probabi l i ty  for the  c lus te r ing  of bubbles. 
Consider n bubbles on a heating surface A, each bubble having an area 
of influence as. 
of influence of a given bubble is as/A, while the probabi l i ty  tha t  another 
bubble w i l l  not f a l l  i n  the v i c in i ty  of a given bubble is  
fore,  the probabi l i ty  of having a s ingle  bubble i n  i t s  area of influence i s  
(1 - E I ~ / A ) ~ - ~ .  
The probabi l i ty  tha t  another bubble w i l l  f a l l  in to  the area 
1 - as/A. There- 
The number of s ingle  bubbles is  then 
n-1 
n l  = n ( 1 -  2) 
By the  same reasoning, the probabi l i ty  of having 
the  area of influence of a given bubble is  
( A l l  
only one bubble f a l l  within 
The number of  bubble pa i r s  i s  
The general expression 
n i  = 
f o r  the number of c lus t e r s  of i bubbles i s  
( A 3  1 
The t o t a l  number of bubbles involved n should be obtained by summing a l l  the 
bubbles i n  c lus te rs  of various s izes :  
18 
i-1 n 
= n z  
i=l 
(A41  
( n  - 1): 
( n  - i):(i - 1). 
Since the terms within the  summation s ign  i n  equation ( A 4 )  are nothing more 
than the  binomial expression ( p  + q)n-l, t h i s  term should be uni ty .  Thus 
n C ini  = n 
i=l 
Hence, the f r ac t ion  of bubbles t h a t  a r e  s ing le  is, from equation ( A l ) ,  
while the f r ac t ion  of c lus te r ing  bubbles is  
It is  in te res t ing  t o  note that 5 1  and Ti>l a r e  functions of the t o t a l  
number of bubbles involved. I n  other words, even i f  the  bubble population den- 
s i t y  i s  the same, the c lus te r ing  f r ac t ion  should change when the heating area 
is  increased, and thus the t o t a l  number n w i l l  be increased. However, the 
functions fl- and FDl should reach a l i m i t  when n approaches i n f i n i t y :  
( n  - l ) ( n  3! - 2 ) ( n  - 3) ($+ . . . (A7 1 
Since n as/A = p and 
then 
19 
=--w+%-l-I+. 2 3 . . 






























Note t h a t  p = nas/A i s  independent of the s i ze  of  the heating area.  
The comparison of theore t ica l  (eq.  (A5)) and experimental values of 
i s  shown i 
Ca 
f igure 8 .  
3 
/ 
dated s i i  
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Figure 8. - Comparison of theoretical and experimental 
values of single bubble fractions. 
To determine the area f rac t ion  
covered by merging bubbles from the 
f rac t ion  of bubble c lus te rs ,  the area 
occupied by each c lus t e r  a i  must be 
given; for example, 
Since a i  i s  not readi ly  known, however, 
(pn cannot be obtained from si by 
using equation (A10). 
O f  course, assumptions can be made 
about a i  a s  a function of as, but such 
assumptions involve uncertaint ies .  Con- 
sequently, although the analysis i n  the 
t e s t ,  which assumes a Poisson d is t r ibu-  
t i o n  of bubbles over the c e l l s ,  i s  -less 
rigorous, it does provide the advantage of circumventing the d i f f i c u i t y  of de- 
termining a i .  
20 
APPENDIX B 
ESTIMATION O F  VARIATION ASSOCIAmD WITH AVERAGE 
ARElFl FRACTION OF MERGING BUBBLEX 
Consider a heating s t r i p  with area A t h a t  i s  divided in to  n t  c e l l s ,  
each c e l l  being equal t o  the mean area of influence of a s ingle  bubble as.  
If there  are n,,, c e l l s  found t o  be occupied by two or more bubbles and 
causing the coalescehce of bubbles, 
qm = %/nt occupied by the merging 
When k motion picture  frames 
an average value of 
qm, av  
there  w i l l  be a f rac t ion  of area 
bubbles. 
were studied, it w a s  found t h a t  there  w a s  
and a deviation 
The problem i s  whether o r  not t he  d e v h t i o n  s is theore t ica l ly  expected. 
i s  - 'vm If k is  large ( say  50 t o  loo), it can be assumed t h a t  qm,av - 
the  probabi l i ty  of finding the merging bubble cells. 
as  t h a t  of f inding the theore t ica l  deviation 0 fo r  a binomial d i s t r ibu t ion .  
Now consider the  problem 
0 = qFiF 
o r  
The comparison between s and 0 i s  shown i n  tab le  111. 
21 
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62 -12 -4 -3 198 32,000 14 102 172 51 2.19 ,109 
62 -12 -4 -5 199 49,500 13 99 268 57 3.28 .138 
62-12-4-6 196 41,500 16 102 19 3 35 2.24 -128 
63-1-14-6 Methanol 132 48,300 1 6  96 328 57 4.01 0.143 
63-2 -6 -1 137 92,900 11 50 139 86 4.50 .186 
63-2-6-2 137 104,900 11 56 155 187 6.11 ..185 
63 -7 -2 -2 128 73,100 20 j 55 135 447 10.58 .182 
63-7-8-1 111 68,400 37 70 263 196 6.56 .lo9 
63-2-6-3 140 120,700 6 47 130 202 7.06 .208 
63 -2 -6 -4 139 135,000 9 50 92 373 9.30 ' .189 
63 -7 -8 -4 119 86,200 29 56 119 472 10.55 .121 
63 -7 -8 -5 119 82,600 29 49 124 385 10.39 .136 
.0240 .0649 15 
,0402 ,0936 18 
,0171 .0533 19 
0.0291 0.0702 18 
.ll5 .135 21 
.255 ,225 20 
.3695 .214 30 
,535 -216 30 
.470 .183 19 
.110 .117 20 
,358 .167 26 
.327 .152 27 
TABLE 11. - EUBElLE MEASUREMENT FROM MOVIE ANALYZER 
[1/16- by 3/4-in.  hea t ing  s t r i p . ]  
( a )  T e s t  f l u i d ,  water ;  run  62-12-4-la 
l i t e s  I Bubble I Bubble Area 
wid th  f r a c -  
t i o n ,  
'PS 




























S i t e s  Number S i t e  S i t e  Area 
of c e n t e r  wid th  f r a c -  
merg- t i o n ,  
i ng  'Pm 
bub- 
b l e s  ( b )  ( b )  
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I 2  







1 2  
1 2  
1 3  
5-653 1.066 0.279 
6.906 0.4'33 0.122 
4.350 1.398 0.377 
7.074 0.157 
7.067 0.171 0.010 
1.056 0.193 0.012 
7.051 0.204 0.028 
6.816 0.674 0.172 
b-808 0.689 0.177 
I 2 1.047 0.211 0.03~ 
























































S i n g l e  bubbles  
2.042 1 ' 0.221 
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~- 6.006 0.273 0.198 0.156 0-065 -~
Merging bubbles - -  
S i t e  
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5.731 0.182 0.088 











I 4 6.542 1.221 0.321 



















































































2 5.503 0.8on 0.209 









2 7.049 0.208 0.029 

























1 7.082 0.141 0.053 
2 5.982 0.316 0.161 
7.070 0.166 0.073 
2 3.657 0.534 0.280 
4.060 0.161 0.069 
2 5.991 0.185 0.091 
7.084 0.138 0.051 
I 5.718 0.182 0.088 
0 
2 5.744 0.226 0.136 
6.047 0.316 0.161 
1 7.106 0.094 0.024 
1 7.102 0.101 0.027 
1 7.110 0.086 0.020 
2 5.712 0.105 0.029 




2 5.983 0.331 0.169 
7-086 0.134 0.048 
1 7.093 0.120 0.038 
0 
1 7.095 0.116 0.036 
I 7.12’1 0.055 0.008 
I 7.110 0.086 0.020 
I 7.092 0.122 0.040 
i 5.715 0 . 3 4 8  0.178 
2 6.009 0.136 0.049 
3 3.796 0.356 0.183 

























2 1.097 0.112 0.004 
2 6.800 0.706 0.181 
2 6.814 0.678 0.174 
2 7.091 0.123 0.003 
2 7.056 O . l Y 3  0.012 
2 6-996 0.313 0-065 
2 7.056 0.193 0.OlZ 
3 5.571 0.927 0.242 
2 5.454 0.641 0.176 
2 7.054 0.197 
amis run was handled i n  a s p e c i a l  manner: For each merging bubble group, t he  cen te r  of i t s  width of in f luence  is i nd ica t ed .  Depending on the  comparison be- 
tween t h i s  width of in f luence  and the  g iven  base value of 0.20, one of two methods of computation was used i n  eva lua t ing  the average a rea  f r a c t i o n  of merging 
bubbles.  If the  width was g r e a t e r  than  the  base value,  t he  a r e a  of i n f luence  a t  each s i t e  was eva lua ted  a s  one s i n g l e  a rea .  If t he  width was l e s s  than or  
equal  t o  the  base value,  t he  a rea  of i n f luence  was eva lua ted  by d iv id ing  the width by the  number of merging bubbles a t  each s i t e  and summing the  r e s u l t i n g  
a reas .  
b3.763 movie ana lyzer  u n i t s  equal  0.75 inch;  l e f t  end reading, 3.390; r i g h t  end reading ,  7.153. 
co m 
Merging bubbles Area Frame S i n g l e  bubbles 
Bubble Bubble Area S i t e s  Number S i t e  S i t e  
cen te r  wid th  f r a c -  of  c e n t e r  width f r a c -  
t l o n ,  merg- ' t i o n ,  
1 ng i wm 'PS 
TABLE 11. - Continued. BUBBLE MEASUREMENT FROM MOVIE ANALYZER 
[1/16- by 3/4-in.  hea t ing  s t r i p . ]  
( b )  Tes t  f l u i d ,  water;  run 62-12-4-2 
S ing le  bubbles lFramew I Mereine bubbles I 
Area f r a c -  ( S i t e s  lme;:- Number i cen te r  S i t  i width  S t e  Area ::;;I
t i o n ,  
bub- 
'PS 
b l e s  ' ( a )  ( a )  




































































































































































1 2  
0 





2 4.977 0.216 
6.387 0.084 
I 4-288 0.499 
3 4.295 0.289 
4.954 0.193 
6.413 0.065 




















































1 2 4.875 0.294 0.089 
5.137 0-230 









I 6 . 4 1 3  0.088 
















0-011  2274 
2317 
1 6.265 0.110 




1 6.425 0.070 
0 
0 


















I 6.344 0.185 
1 6 . 3 1 6  0.176 
2 5.966 0.351 
6.289 0.258 
2 5.215 0.137 
6.425 0.062 
3 2.922 0.214 
2516 















































































































































































































































































































I 6.398 0.081 0.017 
2 4.959 0.403 0.205 
6.388 0.107 0.029 






I 5-211  0.093 0.022 


































































































0 -074  
0.071 I 0.0131 
0.163 









O I  
6.394 
Tota l  number of sample frames, k ,  100. 
To ta l  number of s i n g l e  bubbles,  h,  162 .  
To ta l  number of merging bubbles,  43. 
Average ins tan taneous  bubble popula t ion ,  nav, 2.05. 
Average a r e a  f r a c t i o n  of i n f luence  of s i n g l e  bubble, ps,av,  0.102. 
Average a rea  f r a c t i o n  of merging bubbles,  qm av, 0.0182. 
Standard  dev ia t ion  a s soc ia t ed  wi th  






S i n g l e  bubbles Merging bubbles 
S i t e s  Bubble Bubble Area S i t e s  Number S i t e  S i t e  Area l F r m e  I center  width f r a c -  of c e n t e r  width f rac -  c e n t e r  width f r a c -  o f  c e n t e r  width f r a c -  S i n g l e  bubbles Merging bubbles S i t e s  Bubble Bubble Area S i t e s  Number S i t e  S i t e  Area 
TABLE 11. - Continued. BUBBLE MEASUREMENT FROM MOVIE ANALYZER 
[1/16- by 3/4- in.  heat ing  s t r i p . ]  
( e )  Tes t  f l u i d ,  water: run 62-12-4-3a 
t i o n ,  
'PS 
merg- 
1 ing  
0 
30 














































































5 . 7 5 0  
4.511 
6 . ~ 7 6  














































































0 - 0 2 b  
0.257 





f l . 0 l d  
O.18b 
0.076 
















































































































































































































0 -026  



























































4 6.127 1.497 0.329 







































































































































































0 . 0 5 2  
0.010 






















2 5.>65 0.391 
2 3.251 0.832 
3 6.717 0.679 
2 3.721 1.095 
2 5.734 0.644 

























































































































































































2 5.554 0.447 0.062 
2 5.295 0.944 0.222 
3 6.446 1.232 U-28J 
I . ... , L . . 
aThis run was handled i n  a s p e c i a l  manner2 For each merging bubble group, t he  center 'of i t s  width of i n f luence  is i nd ica t ed .  
If t he  width was g r e a t e r  than  the  base value,  t he  a rea  of i n f luence  a t  each s i t e  was eva lua ted  a s  one s i n g l e  a rea .  
Depending on the COmpariSOn be- 
tween t h i s  width of i n f luence  and the  g iven  base va lue  of 100.00, one of two methods of computation was used i n  eva lua t ing  the  average a rea  f r a c t i o n  Of 
merging bubbles.  
than  or  equal t o  t h e  base va lue ,  t he  a rea  of inf luence  was eva lua ted  by d iv id ing  the  width by the  number of merging bubbles a t  each S i t e  and S w i n g  the  
r e s u l t i n g  a reas .  
If the  width Was l e83  
b3.886 movie ana lyzer  units equal 0.75 inch; l e f t  end reading ,  3.146; r i g h t  end reading, 7.032. 
TABLE 11. - Continued. BUBBLE MEASUREMENT FROM MOVIE ANALYZER 
[1/16- by 3/4-in. heating s t r i p . ]  
Frame Single bubbles Merging bubbles Frame Single  bubbles Merging bubbles 
Sites Bubble Bubble Area S i t e s  Number S i t e  S i t e  Area S i t e s  Bubble Bubble Area S i t e s  Number S i t e  S i t e  Area 

















































































































































































c, , I? '  
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2 3.146 0.273 0.108 
2 5.369 0.294 0.068 
... 
2 6.433 0.635 0.176 
6.842 0.183 
~ . ,_ 









1359  2 
1411 3 
1486 2 
1521  3 
1 5 7 1  2 
1600 I 
1640 1 



























































































































































2 6.424 0.506 3.16b 
b.100 0 . 2 7 4  
3 5.362 0.265 0.181 
5.b19 0.248 
5.960 0.434 
2 3 . 0 4 8  0.111 0.042 
3.221 0.235 





3 5.386 0.123 
5.611 0.327 
6.058 0.567 
2 +.057 0.322 0.130 
4.428 0.328 
2 5.647 0.324 0.169 
6.034 0.450 
~ 
Total number of sample frames, k ,  99. 
Total number of single  bubbles, h ,  268. 
Total number Of merging bubbles, 5 7 .  
Average instantaneous bubble papulation, nav, 3.28. 
Average area fraction of influence of single  bubble, ‘ P ~ , ~ ~ ,  0.138. 
Average area fraction of merging bubbles, ‘ P ~  a”, 0.0402. 


























I 3.209 0.400 
3 3.1323 0.357 
4.196 0.389 
4.995 0.301 
2 3 . 8 4 1  0.224 
4.472 0.218 
1 3.161 0.179 




3 3 . 8 4 3  0.504 
4.469 0.243 
5.739 0.187 
3 3.815 0.317 
5.735 0.224 
6.823 0.167 





3 3.318 0.364 
6 . 4 4 1  0.377 
6.937 0.077 
3 6.035 0.403 
b.476 0.240 
6.889 0.174 
2 3.335 0.529 
6.923 0.105 
I 5.707 0.2Ob 








3 3.832 0.233 
5.747 0.122 
0.579 0.199 
6 3.307 0.271 
2 3.234 0.319 
b.858 0.145 
2 3.144 0.180 
3.824 0.631 





2 5.433 0.191 
6.860 0.136 


















































































































0.0301 I I 
1 ,- 
a3.906 movie analyzer units equal 0.75 inch; l e f t  end reading, 3.070j right end reading, 6 . 9 7 6 .  
TABLE 11. - Continued. BUBBLE MEASUREMENT FROM MOVIE ANALYZER 
[1/16- by 3/4-in. hea t ing  s t r i p . ]  
Frame Merging bubbles  Frame S i n g l e  bubble8 Merging bubble8 S i n g l e  bubbles  
S i t e s  Bubble Bubble S i t e 8  Bubble Bubble Area S i t e s  Number S i t e  
c e n t e r  wid th  f r a c -  of c e n t e r  
'PS 
c e n t e r  wid th  f r a c -  
t i on ,  merg- 
i n g  
bub- 

































































































































































































































































































































































































































S i t e  
wid th  
( a )  
Area 
f r a c -  





























































































































































































































































































































































































































































































Tota l  number of merging bubbles,  35. 
Average ins tan taneous  bubble popula t ion ,  nav, 2.24. 
Average a r e a  f r a c t i o n  of in f luence  of s i n g l e  bubble, q s  av, 0.128. 
Average a rea  f r a c t i o n  of merging bubbles,  qm av, 0.0171: 
Standard dev ia t ion  a s soc ia t ed  wi th  



































S i t e s  Bubble Bubble Area 



































3. rno  
3 . n l 9  





































o . 4 ~  
c e n t e r  width f r a c -  of c e n t e r  width f r a c -  





































0. i 6 n  
c e n t e r  width f r a c -  of c e n t e r  width f r a c -  















3 3.141 0.231 3.105 
3 . 2 6 5  0.242 
3 . 5 1 9  0.266 
1180 
1223 
1 2 6 1  
1311 
1359 
3 3.15') 0.283 3.113 1411 
3.341 0.202 











































































































































































































































































































































3.617 U.5d9 2029 


















































~ . L I ~ Y  
1 6.296 
7.075 




























































































4 5.563 0 . 3 3 3  0.L7b 
5.830 0.200 
0.077 0.2’34 
6.302 0 - 2 6 5  
2 3.466 0.239 0.226 
3.757 0.343 
2 5.Y83 0.363 
6.316 U.3UZ 
2 3.541 0.244 3.046 
3-712 U.143 






i n g  
TABLE 11. - Continued. BUBBLE MEASUREMENT FROM MOVIE ANALYZER 
[1/16- by 3/4-in. h e a t i n g  strip.] 
( f )  Concluded. Tes t  f l u i d ,  methanol; run 63-1-14-6 
S i t e  
c e n t e r  
Frame 
S i t e  
w jd th  
(a) 
ubb les  I 
Area 
f r a c -  
t i o n ,  
%n 
Merging bubbles  
Bubble 
width 
( a )  
'rame I SinKle bubbles  i 
Area S i t e s  
f r a c -  
t i o n ,  
O S  
MerRinR bubbles  I S ing l i  
Bubble 
c e n t e r  
- -  
i t e s  Bubble Area S i t e s  1 :;;;I m b e r  Of erg- 
i ng  
ub- 
l e s  
Site 
e n t e r  













































c e n t e r  
t i o n ,  














































































































































































































































































2953 1 4 





































































































































1 2  
0 




1 2  
0 
I 2  
0 
I 2  
o i  
j.526 O.25b J-067 
3.76d U.Z2d 
3.216 0.233 0.120 
3.446 0.304 
3.723 0.2>0 
3.254 o.2ia 0.041 
3 . 4 4 0  0.154 
3.182 0.112 0.015 
3.274 0.114 
5.806 0.368 0-11  
3.981 1 0.256 
~ 
3423 
























































































































































































Tota l  number of sample frames, k, 96. 
To ta l  number of s i n g l e  bubbles,  h, 328. 
I Nxmhmv nf m e ~ e f n e  bubbles.  57 .  
~ .-.. " _ ^  _ _  
Average 1nsta;ta';eous bubble popula t ion ,  nay, 4.01. 
Average a r e a  f r a c t i o n  of i n f luence  of s i n g l e  bubble, ' P ~ , ~ ~ ,  0.143. 
Average a r e a  f r a c t i o n  of merging bubbles,  Pm av, 0.0291. 
S tandard  dev ia t ion  a s soc ia t ed  wi th  qm av, 010702. I 
~ . ~ .  
a4.054 movie ana lyzer  u n i t s  equal 0.75 inch; l e f t  end reading, 3.136; r i g h t  end reading ,  7.190.  
TABLE 11. - Continued. BUBBLE MEASURGMENT FROM MOVIE ANALYZER 
[1/16- by 3/4-in. h e a t i n g  s t r i p . ]  
( 9 )  T e s t  f l u i d ,  methanol; run  63-2-6-1 
Frame S i n g l e  bubbles  Merging bubbles  Frame S i n g l e  bubbles  Merging bubbles  
0 
30 





















Bubble Bubble Area ( S i t e s  Number S i t e  S i t e  Area S i t e s  Bubble Bubble Area S i t e s  Number S i t e  S i t e  Area 
c e n t e r  width f r a c -  of c e n t e r  width f r a c -  c e n t e r  width f r a c -  of c e n t e r  w id th  f r a c -  
489 4 
I 
t i o n ,  merg- t i o n ,  , t i o n ,  






































merg- t i o n ,  
i n g  Cm 
0.487 























































































2 3 . 3 4 8  


























0 - 3 1 7  
0 - 3 1 4  
0.141 
0.632 
0 - 2 4 7  
0.131 
0.203 










1 2 6 1  























































































































2 - 7 6 1  
2 - 9 1 1  
3.116 
3 . 3 0 3  
3.691 
6.093 



























0 - 3 9 0  

































6-150 0 . 2 3 5  0.155 

















































































0 - 1 5 4  
0-203 






































































































































































































































0 . 2 0 1  




































2 4.587 0.147 0.095 








2 5.978 0.216 0.U82 
2 2.156 0.182 0.252 
2.961 0.5Y5 
2 6.178 0.290 
6.141 0 . l S l  





a3.667 movie ana lyzer  units equal 0.75 i n c h j  l e f t  end reading ,  2.653; r i g h t  end reading ,  6.320. 
umber 
of 
e rg -  
ub- 
les 
i n g  
S i t e  
c e n t e r  






TABLE 11. - Continued. BUBBLE MEASUREMENT FROM MOVIE ANfiYZER 
[1/16- by 3/4-in. hea t ing  s t r i p . ]  












Wame S i n g l e  bubbles  Merging bubbles  Merging bubbles  1 S i n g l e  bubbles  - 
umber 
Of 
e rg -  
i n g  
ub - 
l e s  
i t e s  3ubble 
: en te r  
( a )  
Bubble 
width 
(a )  
S i t e  
width 
S i t e  
e n t e r  










f r a c -  
t i o n ,  
f r a c -  
t i o n ,  
f r a c -  
t i o n ,  t ion,  







































































































4 3.033 0.387 
4.066 0.44Y 
5.012 0.101 
6 .431  0.393 


























3 3.044 0.441 
4.994 0.130 
6.376 0 . 4 8 1  
3 3.034 0.361 
4.981 0.093 
6.462 0.301 
1 6.392 0.383 












e ,  
489 
519 







































































1 I 4.948 









9 5 8  
0.282 3.535 











3 4.932 0.183 
5.185 0.194 
6.375 0-453 
2 5.000 0.111 
5.320 0.403 
3 3.054 0.281 
5.317 0.521 
6.471 0.315 
1 6.363 0.471 
2 3.066 0.271 
6.461 0.386 
2 5.694 0.781 
6.512 0.201 
0.534 
0.618 1 1 1140 3.107 0.254 
4.978 0.091 
6.421 1 0.328 
. ~.
0.335 





























































U.264 41 0.298 
0.223 
0 . 2 6 3  









0 . 4 3 9  I 
Tota l  number of s i n g l e  bubbles,  h,  155. 
To ta l  number of merging bubbles,  187. 
Average ins tan taneous  bubble popula t ion ,  nay, 6.11. 
Average a rea  f r a c t i o n  of  i n f luence  of s i n g l e  bubble,  ' P ~ , ~ ~ ,  0.185. 
Average a rea  f r a c t i o n  of merging bubbles, qm av, 0.2548. 
S tandard  dev ia t ion  a s soc ia t ed  wi th  
a3.755 movie ana lyzer  u n i t s  equal 0.75 inch; l e f t  end reading ,  2.8951 r i g h t  end reading ,  6.650. 




TAE&E 11. - Continued. BUBBLE MEASUREMENT FROM MOVIE ANALYZER. 
[1/16- by 3/4-in. h e a t i n g  s t r i p .  1 
(i) Tes t  f l u i d ,  meth; 1j run 63-2-6-3 
rame S i n g l e  bubbles Merging bubbles  






























i t e s  Bubble 
- e n t e r  
Area 
f r a c -  




9 - 4 8 >  
u.411 







f r a c -  





, I . L Z "  
b.24" 
U. 1 4 3  




li. 1 7 0  
(J . 7 I ') 
L.221 
l1 .221 
C - l b l  
ii . 2 1'4 
< I .  1 2 L  
C .  35 
u . 2 4 1  
u.11, 
'1.114 I 
. I .  ,J 7 1 
U.,J/ 
' . . 2 1 ,  
I /  . u 7 .1 
I . . " 5 0  
0.16<? 
1 ' . 7 l .  
I, . 1 :I .I 
S i t e  
e n t e r  
S i t e  
e n t e r  
( a )  
3.038 
5.263 
5 . 2 3 2  
3.986 




5 . 5 1 4  
3 . 6 4 0  
4 . 4 3 5  
+.900 
5.lJ32 
4 . 3 6 3  
4.612 
4 . 8 6 7  
4.331 
4 . 6 4 1  
S.03d 
5.37" 
5 . 9 l U  
6 . 3 ~ . 1  
5 . 4 Y I  
5.804 
S i t e  
width 







0 . 3 2 2  
0.459 
U . 1 5 R  
u . 7 V l  








U . > b 1  
0.  \ 4 1  
l i . 4 7 2  
0.371) 
0.JJR 
U . L Y f  
0 A 2 2  
U.4ul  
0 . 2 7 3  
U.260 
0.4',6 
0 . > 3 b  
0 . 3 4 2  
0 .  140 
0.11.) 
U . 4 2 7  
0 .04u 
U . f b 9 0  
!I. > 3 7  
u.250 
t1.568 
" - 8 5 5  
-1.365 





: en te r  
( a )  
> . 0 2 6  
4 . 3 7 9  
0 . 5 v 4  
3 . 0 7 0  
4.341 
3.017 
4 . 4 C I  
4.V6H 
0.UOLI 
0 . 4 4 ~  
0 . 4 7 v  
0 . 5 3 3  
4. i b l  
>.Ubb 
4.7311 
+ . 9 8 7  
> . U t 0  
0.34L 
4 .429  
4.71.t 
4 .18 : .  
>.bo. 
0 .  1 6 4  
" . b 5 1  
,.:,7 I 
, > . 6 5 i  
5 . 1  4 I 
2. '1 '1 I 
S i t e  
width width f r a c -  
t i o n ,  
f r a c -  
t i o n ,  
-, 
3 . 2 1 7  
e .  161 
11.791 
u . 1 1 7  
,.40/ 
<: * 2 2 4  
:. Jo, 
, . 4 c ,  
.3 . 3 i i 
" . 3 ,  
merg- 
bub- 
b l e s  ( a )  
5.008 
( a )  
5 .  9 4 2  
'>.L)Lb 
2.133 
5 .33 '4  
2.',56 






























0 . 4 3 8  
0 . 2 7 3  
0.  i b >  





C . O b 6  
0.321 
0.380 
0 . 3 3 4  
C. 341 
0 . 7 9 0  
0.19% 
0 . 2 3 5  
0.131 
0. 102 
l l . 2d l  
0 . 2 9 3  
U.371 
0 . 4 1 3  
0 . 4 7 4  
0 .4s7 
0 .288  
0 .  1 1 , i  
I'. l 4 J  




0 .  $15 
(1.431 



















) . LH l  
0.391 
U.22J 
u . 1 9 u  
0 . 2 8 4  
0.3uz 




1 Id , ,  
1 2 2 3  





0 . 4 1 7  
0 . 3 4 2  
0 . 2 3 2  
3.U6b 
3 .b7U 
4 . 2 3 1  
4 . 7 4 ,  
2 . 3 1 1  
0 . 4 3 4  
3 . 0 4 2  
3 . 8 7 1  
0.45:, 
3 . 0 H I  
3.858 
u . 2 0 1  
(,.18'i 




U . l b l  
9 . 3 , >  
160 
195 
0 . 1 6 5  
U. 193 
J .172  
0 . 4 3 1  
2 4 0  3 . U 9 i  
3 . 8 4 1  
4.412 
4 .194 
'I. I l ' J  
b . > l u  
J . l l I ,  
3.71, 
4.41s. 
>. 74 1 
6.42-1 
4 . 3 2 r I  
5. rv1 
b . l 7 0  






U . 2 3 2  
11.193 
U . L 1 LI 
0. 2 4 4  
U.24b 
C - 2 2 4  
2 7 0  4 . 8 9 b  
5.224 
1) 
325 2 . 9 8 7  
3 . 1 9 8  
3 . 4 4 1  
5.1181 
5..367 
6 - 2 1 >  
6 . 4 7 1  
3 .d3J  
4 .  172 
6 .132  
b . '> 4 
4 . \ , 3 4  
1.463 
4 .  i / L  
> . .> 0 I' 
8 .  166  
I>. i1,l 
I . < , > l  
J.  1 4  J 
J.481 
1 3 1 1  
3 6 5  
40U 
1 4 1 1  
4 4 3  4 . 4 2 1  
6 . 4 1  I 
0.174 
0.264 
2 . 2 0  


















0 . 4 4 d  
1.400 
3.677 
3 . n 7 5  
4 .003  





3 . 7 1 d  
4 . 3 9 7  
0 . 5 1 1 ,  
4 . 0 2 J  
4.711 
2. 30.4 
b . 4 5 5  
3.173 
o . 2 6 1  
4.389 
5 .365  
U . 2 3 3  
4.471 
~ . L , 3 1  
5 . 4 H 4  
>.07:, 
0.39Y 








0 . 6 2 4  
~ 
(1. l b 3  
( ' .a84 
0.242 





0 . 6 3 5  








0.  372  
0.341 











0 . o o i  
0 . Z l U  









U . 2 2 1  
h1.304 
< l . I U f  
l,. 19b 
b.17 1 
0 .23 '1  
t l . 184  
U.22L 
U.1YY 











































0 . l b 8  
U . 1 4 7  
0.214 
0 . 5 4 6  
0 . 4 1 6  
6 . 3 1 3  
0. 3 2 2  
U. ,HZ 
l I . j b 2  
U. 172 





u . 3 3 1  
U.3IY 




0 . 3 3 0  
11.409 
0.356 
0 . 0 9 3  
0 . 3 1 3  
U . 3 4 0  






0 . 3 9 3  















0 . L 9 4  
0.275 
u.347 
1 4 8 6  
6.733 
, 1521 
3 . l b d  
3 . 4 H 3  
3 . 1 4 1  
0.49L 
0.421 





1 5 7 1  
1 bUU 
1 6 4 0  
1690 
1 7 3 3  
1 7 6 6  
i n 1 3  
1 8 5 8  
189U 















b . 4 3 1  
3 . L 7 4  









b . j n n  




b . 3 1 8  
3.b7lJ 
3.961 
4 . 3 8 1  
3.050 
3 . Y l t J  
4 . 9 9 1  
o.37H 
Z.9Htl 
4 . 3 b l  
2.761 
0. 3 8 G  
J.054 
>.U2.I 
0 . 3 8 *  
4.Ybk 














r . 4 7 7  
Cl.393 
0 . 3 0 3  
D . 5 1 5  
t i . 3 8 1  
U b 9 '> 
0.451 














0 .  3 3 3  
u.477 
(1.220 
O.OU( i  
o . ibr  




0 . 4 ~ 0  
l i . 2 1 "  
0 . L 3 1  
II . 2 4 L i  
U.2I.J 
U.2UL 
". 1'3 I 
U. I lU  













U . 0 5 1  
0 .  194 
0.081 
tJ.Obt. 





i l .171 
U.251 
11.171 
L . 3 1 7  





































* . 4 2 < >  
4 . 1 1 5  
'1 .432 
> . d / j  
r . 9 4 d  
4 . 0 1 1  
4.567 
> . I 2 3  
3.401 




6 . 1 1 ' )  
> . > 3 1  
3.U72 
3 . 3 8 6  
3.744 
4 . 0 0 3  
4.376 
5.248 
4 . e 9 2  














3 .d l t l  
4.40b 
b . 2 7 8  
b.45d 
b.110 
b . 4 1 1  
' , . 46n  
+ . w n  
J. 1 3 3  
U. Ill?,  
u.1y1 
U . 3 4 1  
u. , 4 , l  
" - 2 6 ,  
m6.331 
U.:!X> 
d . 3 0 . 2  
J.3 35 
l,.<21 
LJ. i h 5  













d . 2 4 t3 












0 . 3 1 2  
U.244 
U d H 6  
0.371 
0.2yh 
u . 3 1 3  
U.I ' i0 
u.421 
u . 3 7 8  
'3.737 movie ana lyzer  u n i t s  equal 0.75 inch; l e f t  end reading, 2.886: r i g h t  end reading, 6.623. 
TABLE 11. - Continued. BUBBLE MEASUREMENT FROM MOVIE ANLYZER 
[1/16- by 3/4-in. hea t ing  s t r i p .  1 
(i) Concluded. Tes t  f l u i d ,  methanol; run 63-2-6-3 
S ingle  bubbles Merging bubbles 






1 3 5 9  
1411 
2 4-166 0.350 1 0.180 2 
4.970 0.095 0.024 
2 3.045 0.160 0.068 3 
5.454 0.325 0.166 
2 3.067 0.356 0.183 1 
4.994 0.371 0.192 
4 3.029 0.359 0.185 0 
4.223 0.571 0.300 
6.396 0.407 0.211 
1 4 .894  0.138 0.051 3 
4.856 0.278 0.207 
0 2 
2 L 3.050 0.268 
3.1211 0.273 
3 5.525 0.399 
5.927 0 - 4 0 5  
6 . 3 5 0  0-440  
3 3 . 4 4 9  0.499 
3.858 0.318 
4.205 0.377 
2 4 . 9 4 3  0.654 
4.855 0.231 
2 5.841 0.339 
6.180 0 . 4 3 3  
2 3 - 7 4 3  0.293 
4 .063  0.346 
3 3 . 0 4 4  0.357 
3.477 0.S85 
2 4.38Y 0.396 
4.617 0.359 
2 5.816 0.838 
6.425 0.411 
4 3.000 0.247 
3.105 0.341 
3.202 0.286 
3 . 4 8 3  0.373 
2 5.828 0.376 
3.053 0.368 
f r a c -  
t i on ,  
- 






came I SinRle bubbles 
cen te r  
1813 





































f r ac -  















Area IS i tes  Number S i t e  S i t e  I of ( c e n t e r  I width 
merg- I 
i ng  1 bub- 1 
b l e s  ( a )  ( a )  
2 2.950 0.195 
2.985 0.199 
2 3.001 0.197 
3.083 0.262 
4 4.165 0.176 
4.306 0.157 
4.310 0.172 
4 . 5 6 3  0 . 3 3 4  
3 4.846 0.206 
4.819 0 . 0 8 9  
4.953 0.179 
5 4.189 0.337 




2 6.039 0.524 
6.360 0.318 
2 2.954 0.243 
3.038 0.211 








f r a c -  
































































































































































































































3 I 4.715 


















Total number of sample frameo, k, 4). 
Tocal number of single bubbles, h, 130. 
Total nu-nber of merzine bubbles. 202. 
Average instantaneois cubble population, nav, 7.06. 
Average area fraction of influence of single bubble, vs,av, 0.208. 
Average area fraction of merging bubbles, vm av, 0.3695. 
Standard deviation associated with qm.avr Oi2142. 
I 
a3.737 movie analyzer units equal 0.75 inch; left end reading, 2.886; right end reading, 6.623, 
TABLE 11. - Continued. BUBBLE MEASUREMENT FROM MOVIE ANALYZER 
[1/16- by 3/4-in. heating s t r i p . ]  
( 3 )  Teat f lu id ,  methanol: run 63-2-6-4 re ~ Single  bubbles Merging bubbles 
center width frac- of center width 




I 6 0  3 
l Y 5  3 
2411 2 
27U I 
4.664 I 4 . 0 1 1  
5 . 3 2 U  
0.221 
6.245 








0 . 1 5 4  
0 . 1 9 1  
0.156 





O-L lU  
0 . 2 9 ' J  
0.363 
J. I15  








0 . 2 2 4  
0.166 
0.24')  
0 . 1 9 Y  
0.244 
u. i n )  
u.162 
u. l R 3  
ru.2511 
U. 1 6 3  
11.177 























5 . 8 4 b  





2 .d2 l  
0.305 
2.U58 
2 - 9 8 )  
5.lJYd 
3.360 




' j . 2 8 4  
4. 486 
' 5 .  346 
3 .  JO'J  
6 . 2 1 4  
).ti93 





4 . 8 3 1  
4. 775 
2.874 
2. i l l  
/ . 9 9 i  
I.2!>2 

































U . 3 1 6  
U. 3'JY 





0 . 4 4 b  
0.491 
lU.267 
J . l l l  
U . l ? I  
: ) . L i b  
0 . 1 1 1  
Area 
frac- 







u.  131, 
U.367 
Frame Single bubbles Merging bi 
S i t e s  Bubble Bubble Area S i t e s  Number S i t e  
of center center width frac- 
4 11 9 
519 
564 
b J 1  
653 
687 




































5 . 8 5 1  








































2 . n i 3  
2 . ~ 9  
t ion ,  





















u . 3 ~ 7  
0.42b 
0.230 




U . > l O  
0.044 
0.610 
0.167 0 . 7 4 1  
0.310 
u.2uu 









u . 2 i r  




0 .083  
365 U 




2 6  
5 
2 7  
r 











4 .  1-45 
4.223 
4 . 3 9 9  
4.77, 
4 . H l d  
2. d85 










J . 8 1 3  
4.U67 
4.U4b 
4 . 7 9 3  
4 . 8 3 1  
5 . 1 1 5  







5 . 1 3 1  
>.457 
2 . 8 9 4  





3 . 7 1 4  
5.761 
L . 8 8 2  
> . s e i  
2.173 





8 3 3  
8 8 3  
9 2  7 
9 > u  
2.8618 




b e U 9 3  
2 - 8 6 ,  
4 . 3 8 3  
0.335 
0 






0 . 4 9 9  
0 . 3 d D  
0.247 




























4 . r 8 4  
4 . Y 4 0  




4 . 1 1 8  
4.260 
4 . 3 0 4  
4 . 0 5 2  
4.982 
2.3bi> 



















2 . 9 2 1  
3 .141 
3.678 










3 . 7 i n  
4.887 




































o . i n i  
0 . 2 ~ 0  




















Sing le  bubbles 
Bubble Bubble Area 
cen te r  width f r ac -  
t i on ,  
TABLE 11. - Continued. BUBBLE MEASUREMENT FROM MOVIE ANALYZER 
[1/16- by 3/4-in. hea t ing  s t r i p . ]  
( j )  Concluded. Tes t  f l u i d ,  methanolj run 63-2-6-4 
Merging bubbles 
S i t e s  Number S i t e  
merg- 
of cen te r  
Frame I




2 .342  
b.2bb; 
J . d l 1  
4.164 
0.11,; 
> . ) b o  
, . 2 2 s  




0 .  306 
9. 141 
0 -  326 
0.LLJ 
0.340 
6 - 2 6 "  
u. 105 
U . b O L  
0.274 
U . 2 4 4  















. J . l O "  L 
0. I ,?? 


























J .723  
4 . 1 0 3  
',.721 





4. 7 B b  
4 .791  
2.410 
793 
, . ' l > 3  
/ . J 5 7  
l . L J l 3  
3.306 
5.446 
/ . e 5 0  
1.010 
j . 5 1 4  
1 .  1 5 2  
4.L20 
4. b 4 4  
, . u 0 4  
b.112 
" - 3 1 2  
>.'>40 
).H7,J 
4 . 2 3 9  
*.52J 
".U5Z 
0 . 3 2 ' 3  
/ - 9 U j  
J . I Y 4  
5.473 
3 . ) n j  
S i t e  
width 
( a )  
0 .27> 
0 . 1 > (  





0 . 3 7 8  
0 . 5 2 1  
b . 4 3 9  
0.4bIj 











3 . 2 7 Y  
O . 3 4 2  
0 . 3 4 6  
0 . 2 4 5  










0 . 2 9 4  
0.2 I I_ 
,1.2>d 
0 . 3 l b  
0 . 2 b 3  
U.2 '>4 
~ . 4 a 0  
3 . 1 ~ 8  
I l . l b Y  
I Sing le  bubbles 
merg- 
bub- 
1 6 0 0  
l 0 4 U  
u .545  
16)U 
U.580 
1 7 5 1  
0.290 
0 . 6 b l  
1700 
J. 38-  
1 x 1 3  . 
3.174 
I8' l l l  L 
5.021 
b . 3 5 2  
2.912 
L.87< 
5 .187  
9 - 4 6 >  
o . 2 5 u  
3.44 I 
>.Old 




3 . 8 1 0  
I u.121 [ U.U4U 1 
0.216 J .127  
0 .365  0.190 1 
0.315 0.162 
fl.287 U.224 
0 - 2 4 5  U.lb4 
0.368 v.192 
0.167 U.191  
0.420 (I.2411 
0 . 5 1 l k  0.267 
0.420 0.224 

















s i t e  
:enter 
(a1 
z . m o  
2.912 
3 . 1 1 0  
3.482 
3 . 3 2 2  
3.255 
4.27b 




















4 . 6 2 -  
4.9110 
2.802 
3 . 0 8 9  
4.115 
4.249 
4 .631  
4. Y94 





4 . 7 4 1  
?.ti72 






0 .596  
0.352 
u.471, 











0.24t l  












0 . 3 4 )  
u.3'41 
U.UP3 
0 . 3 2 1  
0.404 
U.?OL) .i.10,! 
u. 32 I 
11.340 > . n o t  
0.19n 
I 2 0 1  
1311 
I ?59  




Total number of aingle  bubbles, h, 92. 
Total number of merging bubbles, 373. 
Average instantaneous bubble population, nav, 9.30. 
Average area f r a c t i o n  of Influence of s i n g l e  bubble, P ~ , ~ ~ ~  0.189. 
Average area f r a c t i o n  of merging bubbles, q 0.5346. 

















L .  900 
5.440 























































































5 . ~ 0 2  
2.847 
4.832 










































0 . 3 3 4  



















3 . 6 6 1  














0 . 4 6 8  
0.1bY 









































































U . 3 1 4  
U.258 
J.4U3 
U. 1 > 7  
d.216 
U.410 





0 . 4 4 4  
u.521 
0.164 








































~ . 3 n 4  
--, -. 
a3.720 movie analyzer units equal 0.75 inchj  l e f t  end reading, 2.743, r i g h t  end reading, 6.463. 
TABLE 11. - Continued. BUBEJ23 MEASUFZMENT FROM MOVIE ANALYZER 
[1/16- by 3/4-in. hea t ing  s t r i p .  1 
( k )  Tes t  f l u i d ,  methanol3 run 63-7-2-2 
S ing le  bubbles Merging bubbles S ing le  bubbles Merging bubbles 
S i t e  Area 
of cen te r  width f r ac -  cen te r  width f r ac -  
1 3.421 0.122 
3U I 3.U75 O.216 
(a1 ( a )  b l e s  ( a )  ( a )  ( a )  
I 
U.241 4 3 
( a )  I b l e s  ( a )  ( a )  
2 










>. ' IO2 , 
4-1 ) l ;h  
4.326 
4 .  364 
4 . '9  4 2 
> . r ! 3 2  
2.3112 
s . / 5 5  
7.857 





4 .322  
9.1r10 
s . 0 4 1  





MU I 3 . 4 4 >  0.23'1 U.163 3 J 4.U01 




7 . 3 9 1  
. 4 > a h 0 8  
2.740 
2.863 
b - 0 2 9  
120 2 3.507 O.3d7 (1.271 2 5 4 d U 6  







u. 3 2 5  
O - Z h U  , 
0.204 
0.I5U 




0.  L't4 






U.152 4 n 9  I 3.426 0 . 2 5 4  
(1 .24~  11.>82 
n. 1 4 8  























4 . 4 H l  
4. b65 

























~ 1 . 2 5 ~ 1  1 1 1  3.456 
J.020 
3 . 1 2 5  
3.918 
4.161 
4 - 4  5 Y 
4.57d 
4.753 
564 3 3 - 4 6 >  0 . 3 1 Y  U.22L L 2 
4.409 0.320 u.2221 
4.968 0.148 0.104,  2 
6 lJ l  2 4 . U 1 3  0.224 0.233 3 2 
2 
3 
4.436 0.232 U.256 















I/ 0.221 li I 


























U . / 8 5  
O.r'Y0 
0.2b1 
0.154 0 . 3 0 )  
0.19h 
0.178 
0 . 1 3 3  
0.204 
o . i w  0.~81, 
5.371 U-190 
6.049 0.152 
6 %  4 3.421 0.226 0.243, 2 2 4.20') 0.133 0.191 
5.77U 0.220 0.231 
4.932 0.173 0.143 
>.225 0.217 0.224 
4.356 
3 5 - 6 6 4  
2.803 
6.00Y 

























l ' J 2  




















































































2 - 0 6 3  
5.2'11 












3 . 2 6 4  
4.301 





3 . 7 1 Z  









3 .ViJ f l )  
b.U44 
3 . I 4 L  

























O . L U 6  
0.170 
0.L34 







0 .240  
0.237 




















J - L b q  
U.1SY 
u.137 


















O - I I C  
0.32a 









3 . 4 6  I 
3 . UO'> 




3 . 6 1 1  
5 . 4 1 3  
5 . '>01  
4.54/ 
4 . 9 3 1  
>.21,, 
5 . 4 6 L  
2 . 2 3 4  





3 . d 4 6  






C .  3>i !  
I * .  165 
u.151 
,I. I cI 4 
O . 3 L h  
11.29o 





0. 5 1  7 
0 .213  











(J .21,  1 
$1.24- 
\ I .  12 I 
0 . 1 1 1  
8V.111 
1 .221  L 
" - 1 9 1  

































3.  762 
,,.9!i') 
L ~ . U 4 1  
3 . 1 4 2  
3.721 
4?.813.rorle Malmer unlts equal 0.75 lnchi'left d 3.310~ M t  snd readlng, 6.123. 
VI w 
T m  11. - Continued. BUBBLE MEASUREMENT FROM MOVIE ANALYZER 
[1/16- by 3/4-in. heating s t r i p . ]  
(k) Concluded. Test f lu id .  methanol: run 63-7-2-2 re Single bubbles Merging bubbles S i t e s  Bubble Bubble Area S i tes  Number center width frac-  of I I t ion,  merg- 
I ,  
S i t e s  
0.228 
(1 . 1 I1 ti 
0 . 1 2 7  
0 . i N  
0 . 2 7 7  
0 . 1 6 4  
0 . 1 7 3  
0 . I H j  
U . 1 6 2  
u.2,5 
11.253 
U . 2 1 ,  
U . 1 4 1  
U..'Ic; 
u . 2 4 0  
0./41 
U . 2 1 3  
I,. l d ' l  
L . l ( > ' l  
I 1  
G.141 
11.2.rc. 
IJ. 1 3 1  
( i .  I I /  
I l . L l 1  
'1.114 
















S i t e  
enter  
( a )  
S;;: 1 A;; 
width frac-  





0 . 1 8 7  
0 . 2 2 2  
3 . 2 5 4  




1 1 . l t I L  
J . L ' l 2  
0 . 2 0 9  
r l . 201  
J .  302  
d.23b 
0 .17 '1  
J.233 
u . 2 'i 0 
O . l I l 3  
J . 2 2 0  
u . 5 t! d 
d . 2 3 4  
u.313 
LJ. 3 0 4  
. I .  111 ;. 3,I 
J.2lb 
u."12 
0 . L l U  
, I . ) / ,  
2 . b j  
u . 2 i; :, 
J.11)  
" . l i b  
. I . / U "  
U . 2 4 1  
. , . 2 L i  
I . / > !  
0.1 i l  
, I .  'U, 
J . 2 7 1  
. I .  11 I 
; .',(I 1 
,J.  1 3 3  












i 6 i L l  
l l l 3  
1 1 6 6  
L U I  1 
1 f. , I  
2 3 . 4 b C  
> . 6 7 4  
1 , .v9i 
1 .>.43lJ 
1 b . ' i > 4  
0 .  32cJ 
u . 1 3 0  
0 . 2 3 3  
U.21U 
0.254 
U . l t t 1  
c.151 
Merging bubbles 
f rac-  
tion, merg- 
bub- 
b les  ( a )  
U . 2 ? I  
l J .Ud i  
u . 2 5 ;  
(1.2 Ill 
0 . 1 7 4  
0. I b  I 


















4 . 7 7 3  
5.081 
5 .629  
5 .  719 
5 . 9 2 3  
3 . 8 1 5  
4 . 0 1 1  
4 . 3 1 5  
4.460 
4.872 
>. L l j U  
,.'d70 
b.1161 
3 - 8 0 >  
h . 1 3 b  
?1. i 4 0  
4.924 
>.UlJ3 
> . l I I  
3 .45u  
5.687 
3 .820  
b.UU4 
3 . 3 7 3  
3.422 
3 . 7 8 3  
3 . 9 5 1  
4.11u 





3 . 4 7 4  
1 . 7 4 1  
J.736 
4 . 1 7 7  
4 . 4 4 5  
6 . 6 7 7  
3.144 
5.3Yj 
' 3 . 9 4 U  
U.0t.J 
1.443 
1 . 7 0 2  
9 . < 1 3 4  
3.h1d 




'3 .367  
3 . 4 6 7  
5 . 0 1 2  
4. ) i n  
J . 3 1 7  
U . Z J H  






0 . 2 7 1  
0 . 1 7 4  
U .2dJ  
11.113 
u.1u1 
b . 3 1 7  
3 . 2 2 4  
3 . 1 4 3  
U.141  
Y .  1 3 ~ 1  
J . I I I  
0.tni l  
U . l l >  
.).I80 




U . 3 7 0  
l I . i O 3  














d . 7 5 1  
1.141 
11.746 
J . / b 6  
0.112 
0. 1 r 7 
d.31,5 
:J. lL+ 
U. i i i l t  
G . 2 2 6  
11.101 
:1. I V 2  
3.1'1, 
f rac-  
t ion,  
141  1 
1441 
1486 
1 5 2 1  
1 5 1 1  I) 












0. 2 I 8  
0.137 
0.303 





) . 4 8 >  
3 . 4 4 1  
0.347 
































































3 . 0 8 4  
4.117 






4 .134  
4.372 







j . Y b O  
4 . 0 0 1  





> . 2 3 i  
,.47d 
5.672 
, . $ V I  
b . C D >  
1 . 1 7 3  
+ . t ib l  
4.5U) 





























































u . i n o  
J.233 
lJ.se.1 


















3 . 4 4 9  



















4 . 3 8 /  
4.Y5'l 
7.271. 
3 . 6 3 d  






















































0 . 2 l d  
U . I 2 d  
0.11 I 

























4 . 1 3 3  
4.360 









4. j 7 u  
























4 . 8 U H  
>.075 
>.21y 























































0 . 2 7 ~  
u.3 jn  
O . i U I  
0.147 
0.564 







Tota l  number of sample frames, k,  55. 
Tota l  number of  s ing le  bubbles, h, 135. 
Tota l  number of merging bubbles, 441. 
Average instantaneous bubble population, nay, 10.58. 
Average a rea  f r a c t i o n  of in f luence  of s ing le  bubble, qs,av, 0.182. 
Average a rea  f r a c t i o n  of merging bubbles, qm avr  0.4704. 
Standard devia t ions  assoc ia ted  with 




f r ac -  
t i on ,  
VS 
24U 
2 7 0  
Si t ee  





i n g  
i t e s  Bubble Bubble Area 1 cen te r  I width f r a c -  
t i o n ,  
'PS 
S i t e  
cen te r  
3 . 1 4 v  
3.73, 
4 . 1 1  IJd ). 17' 
3 . 2 5 "  
4.ilY7 
4 . , i I ,  
4.YS4 
, .25 i  
1 . 1 6 4  
4.v 7, .  
j . 1 5 1  
4 . 1 1 )  
4 . (1 I' \: 
'>.00,1 
1.242 
2 . 5 9 I J  
1.251. 
$.b l? l  
4 . 2 4 )  
4.27tI 
4 . 9 9 1  
2 . 5 4 L  
h . tJ9 )  
3.31 1 
4 . 4 9 ' 4  
2.nbn 
3 . 5 8 0  
4 . 9 8 1  
2 . 3 4 1  
2.443 
U . 1 I I  
G . 2 6 2  
0 . L 1, ii 
U . 1 2 )  
0 . 1 2 4  
o.IJ1q 
0 . u 'I > 
l J . 2 1 U  
U . l J ~ I >  
0 . L h 2  




















0 . 1 3 4  
- 
~ . 0 8 1  
(1.20'4 




(I . 0 3 ?I 
U.204 
u.u3a 




U .UJ0  
U. 1 3 6  
0.13II 
9 . 1 Y V  
L l  . USU 
U.18U 
u.213 






U . L O U  
Il.021 
U . U l t l  
u . 0 7 ~  
0.273 
TABLE 11. - Continued, BUBBLE MEASUREMENT FROM MOVIE ANALYZER 
[1/16- by 3/4-in. hea t ing  s t r i p .  1 
( 2 )  Tes t  f l u i d ,  methanol; run 63-7-8-1 
Merging I 
'1.004 
h . 3 2 b  
5 . 2 6 1  
>. 1 7 0  
>.R6H 
' 1 . 1 4 ' )  
3.475 
3 . 4 6 1  
3 . 1 0 )  
5 . 2 b l l  
' , . 430  
> , . 2 5 3  
3.669 
7 .  I b i  
,.')U4 
.> . rl d 3 
',.YO2 




ib les  























f r a c -  






u.071 .  
prame Single  bubbles 
7 I 'I 
7 2 4  
75'4 
H j 3  
9 2 7  
'478 
l o c i 1  
1 0 3 3  
Lob3 
3 . 2 5 3  
3 . 3 5 8  
4.543 
> . 4 5 8  
2.94h 
3 . 2 5 3  
3.66 I 
4 . 5 3 %  
4 . H 3 ' 1  
5 . 00c, 
h . 4 5 3  




2 . 4 2 b  
3 . 2 j t l  




3 - 2 6 ?  
3.R9d 
4~ .45r '  
3.262 
3.702 
2 . 4 7 2  
5.YOI 
4 . U 3 1  
> . 4 4 h  
3.270 
4.Y94 
2 .455  
2 . 9 0 3  
5 . 2 7 2  
> . '94U 










a. 1 5 2  
0 . 1 6 5  
U.UHZ 
0 . 2 5 1  
0 . / 0 5  
0 . 2 7 1  
0.05d 
0.310 
O . I H 7  













0. l o a  
(1.17U 


























U . 0 4 b  
U.017 























4 . U 3 b  
2 5 - 8 1 6  
2.924 






t i on ,  
0.155 O.OHJ 
0.229 
0 . 2 5 5  J.Ll', 
u.1u1 
u.211 
4.0 J O  
0.295 
u.111 
0 - L J d  J.13) 
J . ; ' i l  






4 4 3  
4 u *I 
3 1 4  
5 b 4  
*(r I 
6 >  1 
~ 6U, 











3 . 7 Y 1  
3.26V 
3.037 
4. I l o  
4.'19> 
4.H>U 
5 . 1 3 4  
3.269 
4 . 6 3 7  
3 . 2 6 3  
4.1142 
5.217 
> . 2 7 ,  
5 . d 5 I  
3 .2br l  
3.Y6> 






> .4n i t  
, . L ) i S  
3 . 2 1 ,  
' t . ~ n n  









O . l h 3  
U. 342 
0.116 
0 . 9 R 4  
0 .259  
0 . 0 9 7  
0 . 1 3 Y  
0.111 









0 . 1 4 1 ~  
U.Ul, 
0 . 1 7 3  
U.l,/ 
0.114 





0.  u v 4  
0 . 1 3 Y  
U.124 
0 . ~ 7 ~  







L . U b 4  
















0 . u 3  I 






" . I21 
U.U4" 
U.024 
ti .03ii  
u .042  
J . 1 3 2  
d.LI30 ~ 
U.UJI 











4 . t i L U  
> . J l d  
3.>24 
> . b y 1  
? . J l O  
5 . 0 9 ' 1  
3 .  I d 3  
>.7h l  
3 . b I O  
3 . 1 Y 9  ,. / H L  




' I d b b  





i i .054 
il. 24u 













4.ql i I )  
5.791 
Z . J t i 7  
3 . 2 4 3  







3 . d 0 4  
3 . 1 3 ~ 1  
4.utJ3 
4 . 9 8 "  
4 . d 4 ' I  
4 . ' 1 6 /  
1 . ' , / 3  
1.711 
,.82 I >. J L )  
9 .  3u.> 
>.4f1 
>.',I, 
J.  111 
1.'i9/ 
$ . / 4 ' ,  
I .  149  
1.41d 









i l .06t l  
d.11u 
J . r n r  
J . 4 4 6  
0.121 J . 1 9 1  
u . 1 2 1  
0.141 
U . L ( J 4  
I ) . l H I  
J - 2 4 0  
a3.194 movie ana lyzer  u n i t s  equal 0.75 Inch; l e f t  end reading, 3.180; r i g h t  end reading, 6.374 (average r i g h t  l i m i t ,  5.984; reduced a r e a  of s t r i p  evaluated 
because of obscura t ion  of f i l m ) .  
S i n g l e  bubbles 
Area 
f r a c -  
t i o n ,  
'Pa 
TABLE 11. - Continued. BUBBLE MEASURPlENT FROM MOVIE ANALYZW 
[1/16- by 3/4-in. h e a t i n g  s t r i p . ]  
S i t e s  
( 1 )  Concluded. Tea t  f l u 1  
Bubble 
wid th  
( a )  
4 .77u  
5 . -,4 ' I  
3 . 2 5 ' 1  
4 . d 8 ' 1  
4.9911 
3. J O L  
3.3'>'4 
4 . 1 2 .  
4.132 I 
4 . 7 Y  1 
> . > U ,  




3 . 2 5 2  
j . J b l  
> . h i ' +  






' t .4YII  
4. '1Y3 
2.541: 
3 . 9 6 7  
3 .b72  
.t. ,3 I t  
't. >'IJ 
Area S i t e a  Number S i t e  S i t e  
f r a c -  of c e n t e r  width 
t l o n ,  merg- 
i n g  
bub- 
b l e s  ( a )  l a )  
'PS 
O.24b 
t l . d Y L  
0.103 
O . l U d  
0. /11 
0 . 1 2 5  
0 . 2 1 3  
0 .310  
0.2/5 
( l . l bU 
0 . 1 1 7  
u.100 
u.22') 
0. I 3 6  
0.240 
0 . u 7 6  
0.084 
0- 142 
0 . 1 8 3  
0 .109  
L.330 
U.1OU 


































Merging bubbles 1 
s;)e 1 si;) 1 A;: ~ 
e n t e r  width f r a c -  
t i o n ,  
I 5.2117 
3.265 
3 - 3 4 ' )  
5 . 2 5 3  
3.3u4 
5 . I 5 I  
3 . H Y 3  
3.245 
3.846 
4 . 1 5 7  
5.647 
5 .  I Y 2  
5 . 9 0 2  
*.79d 







5 . 2 2 b  
'>.291 
. > . > b d  
.3.265 
J.308 
j . t l !>U 
J.dI I2 
>. j Y  3 
J.530 
3 . 1 1 5  
3.30Y 
3 . 3 2 8  
0.037 




0 . 1 1 5  
0.lV2 




0 .270  
0.152 
0.155 
0 . 2 1 4  
0 . 2 3 5  
U . O I ' >  
0 - O H 6  
0.087 
0 .197  
0.297 
11- 3b4 
0.  1 3 8  
3.417 
0.114 
0.  127 
0 . 1 > 3  
U.1>7 
u . 1 4 1  
8.2%') 
0 . 0 7 4  
I). 115 
0 . 1 3 ~ 1  
J . 0 8 7  
0 . 3 3 3  
0.132 
2.391 
0 . 1 5 1  
U.02d 





2 2 3 7  
2 7 7 4  
2 3 1  I 
2 3 4 1  
2 3 9 7  
2 4 3 1  
nol; run 63-7-8-1 
S i n g l e  bubbles I Merging bubbles 
, l t e a  Bubble 
c e n t e r  
4 .502  
5.2Y9 
5 . Y l L  
5 . 2 2 5  
3 .743  
j . 2 3 1  
4 . 8 1 1  
>.')54 
3 . / 1 7  
3 .70~3 
t . U l 3  
2 . 0 U J  
3.b4b 
4 .504  
5.H9J 
' t . n i v  
3 . L 5 h  
3 . h O 3  
4.530 
4.YHV 
5 . 0 9 4  
2 . 9 3 b  
3 . 2 3 1  
4.0btJ 
4 . 5 2 1  
4 . 9 7 1  




0 .097  














0.1 I 3  
0 . 1 5 5  
0.101 
0 .107  
lI.1bd 
0 .217  
0.151 
0.095 







0 . 0 1 4  
d.01 '3  
0 . 0 5 /  
U.04d 
0.u99 
u . 2 3 u  
0.152 
0 . 1 2 9  
0 .060  
0.061 

























3 .251  
3 .755  
3 . 7 4 9  
4 .724  




4 .060  
4.31'3 
3.875 
4 .n77  
5.3zn 
3.200 
3.34' )  
4.914 
5.324 
2 .420  















0 . 2 1 6  










0 . 5 1 3  
J.211 





f r a c -  






0 . u 3 4  
2 1 J 2  
lJ.1uIi 
u.131 
0 . ? 4 J  




0 . 1 1 1  
n. iLiv 
('. L L Y  
1 1 . 1 1 ' 1  
0.127 
1 i .151  
0.13-> 
f l . L j . ,  
0 . U h l  
11.121 












0 . 1 3 ~ 1  
U.L!'?> 
0 . I O M  
U.122 
11.J21 
0. I 0 1  
(1. I 4 1  













b . 1 1 L  













U.061 i l  
I ?  
i , .u4 ,  
J - 2 2 4  "" 
L7U5 
2 7 4 5  
1 1  47YU j I 
> . 3 0 3  
,.95I, 
4 . 8 3 b  
5.467 
>.32U 
4 . 3 1 1  
4 .982  
3.147 
4 . 3 1 1  
4 . 0 2 4  
> . J l L  
4 .  38 ' .  
'> . 'I 5 I 
, . d Z I  
J .171 
3 . 6 U 1  
4.1 i?1  
7 .>64  
j.2311 
3.74, 
4 . b 3 1  
>.6fl'> 
,.Y23 
4 . ~ 1 1  
>.ow, 
3.25j 
5 . 6 l I l  
1 - 2 3 "  
5.14 ,  
, . ) l o  
3.221 
.r .94u 




























fl. 144  
0.112 
0.0811 
U. I ' j3  
U.U'Jb 
U.IU', 








J .U71  
o. i l3u 
lJ.083 





































4 . 0 3 3  
5.305 
5 . 4 3 "  
3.>04 
1.245 





3 . Y 2 8  
3 .991  
4. I JO 
















J-b t l l  
4.080 
4 .255  
4 . 4 3 0  
4.,(i4 
, . t ( 5 ,  
,A>,! 
3 . 5 9 6  
> . - I 3 3  
3- t lbb  
3.7ny 
Total number of sample frames, k, 70. 
Total number of single bubbles, h, 263. 
Total number of merging bubbles, 196. 
Average instantaneous bubble population, nay, 6.56. 
Average area fraction of influence of single bubble, 0.109. 
Average area fraction of merging bubbles, q, av, 0.1099. 
Standard deviation associated with 
a3.194 movie analyzer units equal 0.75 inchi lefL end reading, 3.180; right end reading, 6.374 (average right limit, 5.9841 reduced area of scrip evaluated 
because of obscuration of film). 
vm,av, 0!1173. I 
0 . 1 7 d '  
U. 080 
U . I l U  
u.012 
d . 2 4 ;  
L 
3 
[1/16- by 3/4-in. heating s t H p . 1  
( m )  Teat f lu id ,  methanol5 run 63-7-8-4 















S i t e  
enter  




S i t e  
width 
(a )  
i t e s  Bubble 
center 
( a )  
frac- 
t ion ,  
% I ( a )  
5 . 4 1 0  
 




0 . 3 5 3  
0.142 
0 . 1 ~ 4  
0.171 
U . I V 4  
C . 1 2 4  
0 . 1 3 1  
u.154 
0.23LI 






















3 - 7 1 0  
3 . d 3 3  
> .38U 
5 . 2 5 9  
1.255 
1.450 
4 . 0 5 7  
4 . 2 5 3  
>.2L7 
5.662 
3. IM3  
2 . U l M  
9.33M 
3 . 6 7 1  
3.85', 
, 6 . 4 2 2  
4.600 
4 . 8 7 2  
5-412  
> . b u d  
3.lJ3b 
). i n 6  
5 . 3 ~ 7  
>.n12 
I . 2 1 9  
3.464 




5 . 7 7 1  
3 . r 1 0 3  
1.143 
4.3H7 




5 . d 3 9  
1. L O U  
3 . 2 7 1  
4 - 4 2 )  
4 . h 3 Y  
4.431 
5 .  l M 1 )  
> . 4 7 L  
Z . 6 5 2  
5 . 1 1 5 1  
J . I I 3  
3 .  i u 3  
% . 4 1 n  
1 . u 1 4  
5.322 
'> .LlbU 
5 . 0 7 2  































0 . 3 2 0  
0.145 
0.186 
0 . 2 6 1  
0 . 3 2 9  
0.22Y 
0 . 1 0 4  
0 . 1 9 9  
0.246 
0.129 
0 . 1 7 1  
0.112 





U.Z! I j  
U .22b  
0-11h 









3 . 4 5 3  
*.OY1 




3 .263  
3.611 




3 . 7 6 1  
3 . 2 2 5  
3.391 
3.929 
4 - 1 4 2  
4.595 
5 - 6 1 1  






4 . 7 7 0  
j . n i 4  
J . C l b  
0.60, 
I 
4 '  6 5 3  " 
6 b 5  
7 1 5  
3.221 U.U84 4 
3 
J.30.1 
4 . 7 H l  




3 . 4 1 8  
3 . 5 7 7  
j . n i y  
4.U7H 
4 .9 l I2  
2 . 1 4 U  
Y.560 
3 .0I 'J  
3 . 2 1 3  
3 . 2 5 7  
3 . 3 7 6  
3.49r 
4.01- 
4 . 9 7 4  ' 
7.097 
5 . 5 1 0  
>.ti45 
3 .  14.9 
5 . 2 > 7  
l .431+ 
' t . 0OM 
4.214 
4 . 4 4 0  
4 . 8 5 4  
4 . '9 'i 1, 
>.>5b 
3 . b 2 4  
5 . 8 5 3  
3 . 1 1 4  
u . 1 4 1  3 
0.  I L L  
3.2uLI 
4 . 2 9 7  
4 . 7 n ~  
U.15h  1 
u.091 
u . 0 7 1  
J.236 
U . I Z 0  , . l+37' ,  
0 . 1 3 3  
0.105 
U.137 
d . 1 5 7  
0.1md 
0.312 
0 . 7 4 7  
0 . 2 2 2  
c.000 I,..+>,:. 






U. I 1)) 
3 . 1 1 0  
l I . 2 ' > 1  
0.1 I / +  
0.  I I 7 0 .  I Z J  
0.205 
U . 1 0 3  
U.2Ub 
I I . 1 1 ' 4  
U . 1 3 0  
l A 3 1 1 )  
u . 1 1 3  
0 .292  
I I . 2 l b  
U . Z I ' ,  
0 - 2 1 9  




LI. I I7 
11 . L 1 '> 





3 . 1 4 0  
4.067 
' ; . 0 9 l  4 
".22,, 
7 1  1 I 3 . 7 1 1  0 . 1 3 3  11.1174 4 
' J . 2 5 4  
7 I0 
323 




5 1 '9  
5b4 























1 . 2 4 1  
3 . J H b  
4 . 2 1 0  
4.495 
4 . l L l  
> . a 3 4  





J . b Y 3  
+.rot( 
4 . 7 1 '9 




3 - 2 6 >  
























J . b 5 b  
3.Alb 
4.C27 




























Ll. /2 i  
,J.l ) I  
0 . 1 4 1  
0 .  3.16 
U.I2c, 
J - I 6 0  







2 . 1 8 4  
3.172 
0.122 
0 . 3 > 1  












































0 . 0 i 4  
0 . 3 I H  
0 . I W  
fl.LU6 
0.096 
0 . 1 9 8  





o. in ' t  
0.250 
0 .  2 32 

















































i l . 2 V d  

















u. 3 3 1  
0.153 
u . 0 ~ 7  
0.187 









3 . U Y 3  
>.be2 
5 . ~ 2 ~  
5 . 5 1 5  































5 . 1 9 1  
3 .23U 














j . n > i  
5.598 
\ I .  I 4 1  
ir.26J 
J .224  
u.13> 
u.176 


















0. L 7.1 
U . 1 4 )  




































4 . 2 9 0  
4.170 
4.784 
O. l ! lO  
0.157 
0. I I I H  
0.202 
0. L 74 





























0 . l i Y  4.0ou 
'
3.204 movie analyzer units equa 
because of obscuration of f i lm 
t, 5.945; reduced area of st: 
TABLE 11. - Continued. BUBBLE MEASUREMENT FROM MOVIE A N a Y Z E R  
[1/16- by 3/4-in. heating s t r i p . ]  
(m) Concluded. Test f lu id ,  methanol; run 63-7-8-4 
*me 
- 
1 4 0  
l a 0  
, 2 2 3  
1 2 6 1  
1 3 1 1  
















0 .  J52 
0.50 I 
L l .10 i  
0 . 1 7 t  








-Merging bubbles !rging b 
S i t e  
!enter 
( a )  
bles  





l t e s  
- 






S i t e  
width 
i t e a  hbble  
:enter 
( a )  
Bubble 
width 
( a )  
S i t e  
enter  
( a )  
3ubble 
:enter 




0 . 1 3 ?  
O.UH3 
0.206 
0 . 0 9 1  
j.455 
> . 0 5 1  
3 .b33  
5 . 2 2 0  
5 . 2 4 4  
3 . 4 7 4  
3 . 6 0 4  
3 . 6 2 7  
4 .  703  
4 . 9 3 7  
5 . 0 4 0  
5 . 1 3 9  
5 .  14u 
5 . 8 1 4  
5 . 8 1 3  
3 . 1 7 4  
3 . 2 8 ~  
3 . 4 1 3  
3 . 4 5 0  
5 . 2 5 6  
3 . 6 7 2  
4 . b 5 5  
4.656 
4 . M l U  
>.666 
,.H49 
3 . 1 8 8  
3 . 2 4 5  
3.496 
3 . 6 0 1  
3.694 
3 . U 4 8  
3 . Y Q M  
4 .1Yb 
5.47- i  
7.754 
5 . h l Q  
3 . 2 4 H  




4 . 2 d b  
4 . 4 8 1  
4 . 7 2 0  
>.4Hd 
3 . 7 0 3  
,.d'92 
1 . 1 4 0  
J.1152 
, . 4 2 3  
> . D U l  
3 .  1 5 5  
1.242 
3 . 1 ~ 1 4  
' r .  400 
0 . 2 i J  
u. I 3 0  
0 . 2 2 2  
(r.183 
0 . 2 0 2  
0 . 1 4 1  
0 . 2 1 3  
0 .300  
U . 2 3 1  
u. 1 3 2  
0.16') 
0.>10 
u . 1 4 0  
O . l i 6  
0.186 
0 . 1 1 1  
0.259 
0 . 2 5 4  
u.c/.) 





U . 1 2 7  
U . 1 H O  
0.100 
U.413 
u . j q 1  
0 .245 
0.1!,4 
0 . 1 1 2  
0.121 
0 . 1 3 0  
3 . 1 6 4  
U.132 
0 . 3 1 7  
0.157 
0 .230  
0 .249 
0.326 
u . 7 1 4  
0.  I 3 8  
0 .1J I  
IO.11'4 
d .  179 
:,.2>4 
U.114 
J . l L b  
u . 0 9 ~ 1  
u . 1 6 ~  
0.188 
6 . u n i  
0 . 1 ~ 2  
0.1 i n  
3 . 6 3 3  
3 . 7 5 d  
3 . d 2 3  
4 . U 2 8  
'1.136 
4 .  3 3 b  
+ A 8 0  
4.hUd 
4 . 7 4 1  
4.'907 
5.402 
5 . 8 6 5  
3.1 bO 
J.289 
3 . 4 4 0  
3 . 5 0 3  
5.056 
5 . 2 5 1  
5 . 5 3 4  
> . 1 5 b  
'>.d82 
3 . 4 4 6  
3 . h J I  
1.'920 
4.19H 




3 . 2 7 8  
2 . 7 3 Y  
3 .202  
3-29,? 
3 . 4 6 3  
3 . 7 1 5  
3 . 8 4 3  
4 .  713  
' t .C2tl  
5.00G 
2.5>5 
' , . l b H  
'r.932 
~ 1 . H l r .  
4.72LI 
> . 2 7 1  
5.469 
> a  h 5  I 
z . a i 5  
2 . 2 n i  
7.uiin 
, . w i  
> . J 2 I  
1.133 
j . 2 3 3  
3 . 4 2 7  
3 . 0 0 6  
j.(;nJ 
3 . 8 4 U  
5.4211 
4 . 0 5 2  
4 . 7 9 1  




















u . 2 1 0  
iJ. 1 9 0  
0.230 
U. 1 9 2  
0.113 
0 .142  
0 . 1 1 2  
0.151 
0.414 
0 . 2 7 7  
0 . 2 4 d  
0 . 1 4 8  
0.J90 
0.4bd 
0.  1 3 4  
0.10 3 
0.209 
0 . 2 9 u  
0 . 2 7 6  
0.1zh 
U . 1 0 5  
3.150 
0.zzrl 
3 . 8 6 Y  




> . V I 1  
3.>45 
5.H7. I  
3 . 2 4 3  
3 . > 5 1  
I . U l 2  
4 . 1 Y I  
5 . 1 4 9  
3 . 1 7 0  
3 . 5 5 b  
3 .  i s 4  
4 . 0 6 l  
4 . 4 5 1  
0 . 3 3 5  
o.2nZ 
0. i b 3  







0 . I 4 9 
0.395 
n.212 
3 . l i a  
0 . 1 3 1  
0. I IC1 
0 . 7 3  
0.143 







0 . 2 3 1  
0 . 3 1 9  
0.111 
0 . 1 2 1  
0 . 1 1 7  
0.1uj 
0 . 0 1 4  
0.019 
11.021 





[ . 2 1 4  
L . l M l  






l d 9 0  
2 
2 3  
3 
c 2  I 9 2 1  
3.201 
3 . 4 8 2  
4 . 3 3 2  
4.744 
0.U90 
0 . 2 2 7  
C.DH1 4 3  
5 
i . . 4 5 o  
0. 0 7 II 135'1 0.1:>3 





1 5 2 1  
1 5 7 1  
I 6 U . l  
I h 4 U  
lh9.d 
3.242 
4 . 5 3 0  
>.JH:, 
> . a b 7  
3.241 
3.471 






2 - 6 4 >  
3.244 





j . n 2 3  
~ . n l u  
4 . U I i l  
10.143 
0 . 3 4 ' )  
0.307 






0 .  39') 






















u . 0 9 1  
0 . 0 9 2  












2 2  
3 
2 3  
2 
2 3  
4 
3 2  
2 
2 
1 3  
2 2  
3 
3 )  
1 
3 
3 2  
3 3 I  i 
I - 
Tota l  number of sample frames k,  56 
Tota l  number of s ing le  bubble:, h, 119.  , Tota l  number of merging bubbles, 472. 
4.814 0.103 
4 . 9 6 )  0.332 
,.44b U.220 
' J .083  u . 2 5 5  
, . 8 7 J  0.110 
3 . 4 1 1  0 . 1 4 1  
3 . 2 V 4  U.GYd 
3.7 I Y 11.1'~ 3 
3.BbY 0.14 I 
3 . V 6 7  lJ.141 
4.U25 U.122 
4 . 9 2 Y  S . 1 7 H  
i. 7 5 1  0.1'2H 
3 .681 CJ.JY3 
4.040 0.22Y 
5 . 8 5 5  0.200 
!,.a85 v.13') 
j . 2 7 1  0 .18s  
3 . 4 7 3  u . 3 3 0  
3.. tbb 9 . 1 7 4  
5.513 b.395 
5.h20 6 . 2 4 2  
> . I 3 0  0.100 
> . l i b 2  U .223  
1.73u 9.203 
3 . U 3 4  d.410 
4 . r r ) l  0 . 1 7 U  
,.4YU U.116 
5 . z b I  J . 1 4 0  
) . 3 1 4  u.160 
5.obL U.237 
~ . d 3 )  0 . 1 8 1  
4 . 7 ~  11.10ti 
+ . r 9 8  d.117 
+.b5', 0.230 
4.d22 L l . I U z :  





1 . 5 4 7  LJ.234 
4 . o 2 1  J . L 4 0  
4.UO> U.115 
2.>4V 3 . 2 1 4  
>.72'> u . 1 0 9  
>.ua~ 0.144 
3 . 2 U l  0.216 
3 . 4 1 U  U - 2 0 2  
4 .251 L ) . l L O  
4 . 3 7 8  IJ. I .?~- 
4 - 4 2 2  U.2 lb  
4.064 J . / 6 l  
4 . 7 9 d  11.214 
Average instantaneous bubble population, nay, 10.55. 
Average a rea  f r ac t ion  of influence of bubble, q s  av, 0.121. 
Average a rea  f r a c t i o n  of merging bubbles, ~ ~ , ~ ~ , ' 0 . 3 5 8 2 .  
Standard devia t ion  assoc ia ted  with a- -.,. 0.1671. 
J . l b J  
0.151 
C . 4 4 L  
U.261 
0.121 
C . 1 f l . l  
0.377 
,J.42> 




2 1 1 7  
2 152 
4. I 9 1  
4 . 5 1 4  
3.244 
4 .15U 
4 . 4 3 L  
> . G I 3  
> . 3 9 u  
3 . 6 Y L  
4.445 
3.L.34 
3.  1 1  1 
5 . 2 1  5 




0 . 1 4 8  
0.153 
0 . 2 3 1  




0 . 1 3 4  




0 . U 3 1  
t1.22L 
































5 .  144  
7.373 
I . L I U  
3.273 
J.434 
3 . 5 8 1  
>. 141  
3 . 4 0 1  
4.u11 
>.u53 








> . M O L 1  
3.182 
3 . 2 7 3  








4. I d 3  
5 .1>>  
'1 . 4 b > 
5 . + 8 3  
5.d1 
2.867 
5 . 1 0 1  
3 . 2 4 9  
J.724 
3.n4to 






> . i l b >  
3 .  I 1.1 
3.1h4 
3.rb1 
3 . 7 7 D  
7.0 I 8  
>.751 
> . J > I  
5 . 4 3 7  
I ,,,,,a" , 
a3.204 movie analyzer units equal 0.75 inch; l e f t  end reading, 3.1143 r i g h t  end reading, 6.317 (average r i g h t  l i m i t ,  5.945; reduced a rea  of s t r i p  evaluated 
because of obscuration of f i lm) .  
cn w 
TABLE 11. - Continued. BUBBLE MEASUREMENT FROM MOVIE ANALYZER c 
[1/16- by 3/4-in. heating a t r ip .  1 
(n)  Teat f lu id ,  methanol5 run 63-7-8-5 
IFramel ;ngle[M.;a ~ 9, 1 
Bubble Bubble Area Si tea  
center width frac-  
t ion,  
- 
3 . 4 8 0  0.188 0.144 
4 . 6 3 0  0.265 0.281 
no 4 
12u 0 
I 6 0  I 
I ' J Z  2 
240 2 
3 - 2 2 9  0.139 0.079 
3.464 0.191 U.14'4 
3 . 1 1 4  0.200 0.163 
5.165 0 . 1 7 ~  u . 1 1 ~  
5.221 0.126 u.06, 
3.46' ,  0.1'?5 0.15, 
4.0511 0.348 u.237 
4 - 0 5 )  U.18b U . 1 4 1  
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S i t e  
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U.140 
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U . l b 3  
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U . 2 6 1  
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i ) .2 /5  
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5 6 4  
6 0  I 
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3 .47u  
3 . 7 1 0  
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4 . 4 8 b  
4 .  700  
4.'120 
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' , .njn 
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J .224 
J . 4 3 >  
4 . 1 4 0  





' 5 . 8 4 3  
3 . l Y O  
3 . 2 d >  
j . 4 4 2  
2 . 4 3 3  
5.000 
> . I l V  
7. I04 
3.840 




U . 1 7 4  
0.218 
0.27Y 

















u . 1 7 3  
d . 1 1 1  
0 .205  
J.112 




0.1 I 3  
U.24Y 
3.373 
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0 .  I I Y  
U.22lJ 
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0.14d 
U.22H 
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0 . 3 9 d  
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8 3 3  
8 8  J 
927 
958 
'3.232 movie analyzer u n i t s  equal 0.75 Inch; l e f t  end reading, 3.0981 r i g h t  end reading, 6.3 
because of obscuration of film). 
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~ . b 7 7  
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TABLE 11. - Concluded. BUBBLE bLEASUREMENT FROM MOVIE ANALYZER 
[1/16- by 3/4-in. heating s t r ip .  ] 
(n)  Concluded. Test f luid,  methanol; run 63-7-8-5 
Si te8  






S i t e  
:enter 
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3.22') 
















c . 1 4 n  
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7.690 
3.1bb 
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5 . 4 0 3  
4 . ~ 3 1  
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d.753 
U.Lld U.312 





0. L 16 
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*. 3ou 
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~ . 2 1 4  
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LJ . I I3  














U . 1 4 1  
2 . 1 3 4  
d.107 
0 . 1 3 6  
0.401 0.618 1813 
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3 .  155 

















4 . 8 3 1  
0.203 









1858 2 3.20Y 

























































3 . 1 2 3  0.073 J.J6./ 




4 . U 8 5  I 0.188 I 
II 
Total number of sample frames, k,  49. 
Total number of single bubbles, h, 124. 
Total number of merging bubbles, 385. 
Averane instantaneous bubble uouulation. n,.,, 10.39. 
Average area fraction of 1nfl;eice of singr&-bubble, qs,av, 0.136. 
Average area fraction of merging bubbles, 'pm 
Standard deviation associated wlth qm,av, 0:8%3. 
a3.232 movie analyzer units equal 0.75 inchj left end reading, 3.098) right end reading, 6.330 (average right limit. 5.955; reduced area of strip evaluated 
0.3269. 
because of obscuration of f i l m ) .  
TAJ3LE 111. - COMPARISON OF THEORETICAL AlvD ENPIRICAL VARIATION 
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